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ABSTRACT 
Tethyan suture zones commonly undergo a change from compression to extension shortly after suturing. 
The mechanics and timing of this change in tectonic regime are poorly understood, and the extensional 
sedimentary basins of west Turkey, and, in particular, the northern Menderes massif, provide an 
excellent natural laboratory for study of the crustal response to these different processes. During this 
study, field observations of sedimentary, structural and lithological features of the Alasehir Graben, 
Gördes and Selendi Basins were combined with new radiometric age data to investigate the onset of N/S 
crustal extension in west Turkey. This timing of initiation has implications for the driving mechanism 
of extension, since alternative models are time dependant. Extension driven by orogenic collapse of 
thickened crust in the region, and extension related to subduction roll-back both are postulated to have 
commenced in the Early Miocene. Whilst extension driven by the tectonic escape of west Anatolia is 
currently thought to have begun in the Late Miocene, although an earlier initiation of this process cannot 
be ruled out. 
Extension in the northern Menderes massif took place on large-scale, presently low-angle (<200),  north-
dipping normal (detachment) faults. Two separate detachment basin systems are recognised in the study 
area. The Gördes and Selendi Basins both trend NE/SW and formed by extension on the same northerly 
detachment system. This detachment has a strongly corrugated morphology when viewed parallel to 
extension, with a wavelength of —30 km and an amplitude of —1.5 km. The corrugations form the 
eastern and western margins of the Gordes and Selendi Basins and have produced 'scoop-shaped' 
depocentres and their characteristic NE/SW basin trend. No upper plate metamorphics are exposed 
within the basins and the total extension on the detachment fault system is large (>60 km). Syn-
extensional sedimentation in the form of coarse alluvial fan conglomerates were deposited from south to 
north, and subsequently back rotated and tectonically emplaced against the detachment as a result of 
continuing extension. Early sediments were followed by northward transported, braided-fluvial to 
alluvial-plain sediments. These sediments unconformably overlie the syn-extensional deposits and 
passively onlap the basin margins. The fluvial sediments pass up conformably into lacustrmne facies and 
then into silicic air-fall tuffs. Single crystal 40Ar/39Ar dating of igneous biotites and feldspars from these 
tuffs yield Early Miocene dates, thus constraining initial extension, with the fluvial/lacustrine and 
tuffaceous sediments representing post-extensional sedimentation. 
The detachment system that forms the southern margin of the E/W trending Alasehir Graben is slightly 
corrugated and segmented with a wavelength of —6km. The detachment faulting there has sheared, 
mylonitised and facilitated local, syn-tectonic granodiorite magmatism that has yielded (Early-Mid 
Miocene) radiometric ages. Initial syn-tectonic sediments are similar to those seen in the Gordes and 
Selendi Basins, consisting of steeply, south-dipping, coarse alluvial fan conglomerates that have been 
tectonically emplaced against the detachment surface. These sediments are unconformably overlain by 
westward-flowing, axial-fluvial deposits, that recycle earlier sediments. The fluvial system is 
unconformably overlain and interfingers with a second-phase of coarse alluvial fan conglomerates. The 
second-phase fan facies were point sourced from breaks and depressions in the detachment surface, with 
five separate fan lobes being recognised in the study area. The northern, hanging-wall margin of the 
Alasehir Graben is dominated by fluvial/lacustrine facies with northward sourced fan-delta 
conglomerates, all of which passively onlap upper plate metamorphic rocks. The sediments on the 
northern margin locally passively overlie an Early-Mid Miocene aged andesite lava dome. Total 
extension across the graben is estimated as >20 km. 
The region is cut by a series of high-angle, north- and south-dipping normal faults that post date the 
sedimentary fill in each basin, and also cut the basement detachment fault. This phase of faulting is 
interpreted as having commenced in the latest Miocene and continues today due to active extension. 
Thus, N/S extension in the northern Menderes massif began in the latest Oligocene-Early Miocene. 
Post-collisional orogenic collapse of west Turkey is suggested as the primary mechanism for driving 
initial extension with some element of subduction roll-back also being involved. Whilst unproved, 
tectonic escape of West Anatolia cannot be discounted as having begun prior to the Late Miocene, and 
thus may have also contributed to early extension The Late Miocene-Recent phase of extension is 
attributed to tectonic escape of western Anatolia which is known to have been active at that time and 
continued roll back of the Hellenic subduction zone. 
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Chapter 1: Introduction 
Chapter 1 
INTRODUCTION 
1.1 Justification of research 
In west Turkey, the development of late Tertiary extensional tectonics and related 
sedimentary basins has been the subject of much debate and controversy (Dewey & 
Sengor 1979; Sengor 1982, 1987; Seyitoglu & Scott 1994; Görur et al. 1995). In 
particular, the timing of the change from N/S compression to extension is very 
important due to the implications that the timing of onset of extension has on possible 
driving mechanisms of extension. Previously, the development of Early Miocene 
NE/SW trending basins (Fig. 1.1) was ascribed to Palaeogene N/S compression and 
shortening of west Anatolia (Sengor et al. 1985; Sengor 1987). These basins are 
thought to be similar, for example to the Tibetan graben (Tapponier et al. 1978). 
Younger, Mid Miocene E/W trending structures such as the Alasehir and BuyUk-
Menderes grabens were suggested to have originated from N/S extension, driven by 
"tectonic escape" of Anatolia (Fig.1.1). In this model, the collision of Arabia and 
Eurasia (mid-Late Miocene; Sengor 1987) on the Bitlis suture of SE Turkey (Fig. 1.2) 
forced the Anatolian plate westwards via the North and East Anatolian transform 
faults, resulting in N/S extensional tectonics in west Turkey (Dewey & Sengor 1979; 
Sengor 1979, 1982, 1987). Thus, Sengor and co-workers suggest that the timing of 
the change from compressional tectonics to extension took place in the Tortonian 
(Late Miocene). This hypothesis continues to be championed as the favoured model 
of Late Tertiary tectonic evolution for the region (GörUr et al. 1995 ; Yilmaz 1998). 
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Figure 1.1: Location of the study area showing the main extensional basins of west 
Turkey. Note the east-west trending basins, compared to the north east/south west 
trending basins. 
More recently, some workers have begun to advocate an Early Miocene age for the 
onset of extensional tectonics in west Turkey (Seyitoglu 1992; Seyitoglu & Scott 
1994; Hetzel et al. 1995; Seyitoglu 1997). In this hypothesis, "tectonic escape" 
cannot be invoked as the initial driving mechanism for extension as this was already 
active in the Mid-Late Miocene. These authors have suggested orogenic collapse and 
back-arc spreading as possible causes for extension. 
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Figure 1.2: Tectonic setting of Turkey and Greece within the framework of the 
eastern Mediterranean (after Sengor & Yilmaz 1981; Hetzel 1995). SC is the Sakarya 
continent. 
Whilst a significant amount of literature exists on the basins of the area, no detailed 
integrated sedimentary and structural interpretation have been made of the extensional 
basins of west Turkey. Previous studies were limited to individual basins such as the 
Gordes Basin (Seyitoglu 1992, Seyitoglu & Scott 1994), Selendi Basin (Seyitoglu 
1997) and the Alasehir Graben (Cohen et al. 1995, Dart et al. 1995; Seyitoglu 1996). 
Seyitoglu and co-workers have focused on the ages of sediments in each basin, with 
little structural or sedimentary study, whereas Cohen et al. (1995) studied a small 
geographical area of the Alasehir Graben. This lack of detailed sedimentary and 
structural data and synthesis has meant that the causes and style of extension and 
extensional basins in west Turkey have remained unresolved. This thesis presents an 
integrated field-based study of three extensional basins on the northern margin of the 
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Menderes Masssif (Fig. 1.1); namely the Alasehir Graben, the Gordes Basin and the 
Selendi Basin. This study provides a detailed synthesis of these basins and their 
regional evolution utilizing well exposed areas and incorporating sedimentological, 
stratigraphical and structural data. 
1.2 Aims of research 
Three extensional basins on the northern margin of the Menderes Massif were 
selected for study after initial reconnaissance of the region, each basin showing good 
exposure, access and a reasonable literature database. Within each basin, a 
multidisciplinary approach was adopted using field observations combined with 
radiometric dating and geochemical work. The data from each basin was the 
integrated to provide a comprehensive tectono-sedimentary model of late Tertiary-
Recent extensional basin development in the northern Menderes Massif. The specific 
aims of the research are as follows: 
• sedimentology and related framework 
• structure, style and development 
• age of the basin fill 
• extensional evolution 
The sedimentary history of each basin was analysed based on description of related 
sedimentary facies. The key issues were to differentiate between syn-extensional and 
post-extensional sedimentation and show how the sediments relate to the structural 
framework of the underlying basement. 
The regional structural evolution is very important and thus, study of structural 
geometries, fault morphology and kinematics along, with the age of faulting, were 
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undertaken. The timing, style and magnitude of faulting were also addressed and 
linked with the sedimentary history of the basins. 
The dating of sediments using absolute and other methods was attempted to help 
constrain the age of the extensional related sediments and thus the timing of 
extensional basin formation in the region. The structure, sedimentology and age data 
were then placed into a regional tectonostratigraphic framework, in which each basin 
is related to each other and then the implications of these findings are used to answer 
questions concerning the development of the eastern Mediterranean. 
1.3 Geological overview 
The geological compexity of west Turkey is obvious from the variable map pattern 
(Fig. 1.3). This results from the many varied tectonic processes that have operated 
within the region (Collins 1997). The tectonic provinces represent the amalgamation 
of microcontinental blocks and oceanic crust that existed within the wedge-shaped 
gulf that separated Gondwanaland and Eurasia during the Phanerozoic known as 
Tethys (Fig. 1.4). Continental fragments that were contained within this oceanic 
region also make up much of southern Europe, and the Middle East (Figs 1.5, 1.6 & 
1.7; Robertson & Dixon 1984; Robertson et al. 1991; Derecourt et al. 1993; Sengor 
et al. 1984). The existence of an ancient oceanic gulf in east Pangea was still 
controversial until the early 1970's. Work by Hall & Mason (1972) and Hall (1976) 
described Cretaceous mélange and blue-schists in south east Turkey that record the 
presence of a former Mesozoic ocean and this work culminated in the first plate-
tectonic synthesis of Sengor & Yilmaz (198 1)(Fig. 1.2). 
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Figure 1.3: Geological map of west Turkey and the Menderes massif (after Hetzel 
1995). The three studied basins are indicated. 
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(Robertson & Dixon 1984) rifted off the northern margin of Gondwana. The northern 
margin of this block was a passive margin formed by the opening of a northern 
Neotethyan ocean in Triassic times (Collins 1997; Collins & Robertson 1998). Rapid 
convergence between Africa and Eurasia took place in the Cretaceous (Livermore & 
Smith 1984; Savostin et al. 1986) and at this time a north-dipping intra-oceanic 
subduction zone was initiated and this eventually collided with the Menderes-Tauride 
block. Trench-passive margin collision was followed by continent-continent collision 
in Middle Eocene times as the northern ocean closed (Collins 1997). This collision 
amalgamated the Menderes Tauride block with Eurasia. This region underwent 
continental deformation and metamorphism during the mid-Eocene to Early 
Oligocene (Sengor et al 1984; Sengor & Yilmaz 1981; Collins & Robertson 1998). 
Extensional deformation of this thickened orogen took place after compression had 
ceased and continues today. A review of extension associated with orogenic belts is 
presented in section 1.4. 
1.3.1 Tethys Ocean 
The presence of an ocean separating Eurasia from Africa and South America has been 
speculated since the 1800's (Neumayr 1887). Later research (Wegener 1929; Carey 
1958; Wilson 1963) refined this idea, suggesting that Tethys originated as a 
westwardly-narrowing, wedge-shaped gulf into Pangaea during Palaeozoic times 
(known as Palaeotethys) (Laubscher & Bernouli 1977; HsU 1977; Sengor 1979), and 
this it thought to have been subducted in post-Triassic times (e.g. Smith 1971; HsU 
1977). Oceanic basins that developed after the Triassic are collectively known as 
Neotethys (Sengor 1979). Discussion of the evolution of Palaeo- and Neotethys has 
led to 3 models being proposed (Robertson et al. 1996). These are: 
• Single evolving Tethys with multiple continental fragments and oceanic strands 
(Robertson & Dixon 1984; Robertson et al. 1991; Stampfli et al. 199 1) 
• Single Mesozoic Tethys; northward subduction (Dercourt et al. 1986, 1993) 
• Southward subduction model (Sengor & Yilmaz 1981; Sengor et al. 1984). 
M. 













Figure 1.5: 	Single evolving Tethys model; reconstruction of the eastern 
Mediterranean for the Late Permian, Late Triassic and Maastrichtian times (after 
Robertson & Dixon 1984). Ad= Adria; Bi=Bitlis; Cau=Caucasus; ET=east Tauride 
block; Mo=Moesia; MT=Menderes-Tauride block; H=Hatay & Baer-Bassit; 
K=Kirsehir block; Ka=Karakaya; P=Pelagonian Zone. 
Single evolving Tethys 
In this model a large Tethyan ocean existed from the Late Palaeozoic-Recent time 
(Fig 1.5). This ocean was subducted along a north-dipping subduction zone on the 
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southern margin of Eurasia during the Permian-Recent. Microcontinents rifted off the 
northern margin of Eurasia in the Permo-Triassic. These blocks drifted northwards 
opening up Neotethyan oceanic basins and then collided with the active margin of 
Eurasia. Ophiolite obduction took place in Greece and Turkey and was caused by 
spreading above intra-oceanic subduction zones due to regional plate cconvergence 
(Fig. 1.5). Revisions to this model of Robertson & Dixon (1984) have been 
numerous. Robertson et al. (1991) proposed that Late Permian rifting separated 
Adria and the Menderes-Tauride block. Stampfli et al. (1991) proposed that this 
evolved into a southerly Late Permian oceanic basin from Tunisia to Oman. 
Robertson et al. (1996) produced a revised model that incorporated recent work on 
the Karakaya Complex (Fig. 1.5)(after Pickett & Robertson 1996). They suggest that 
local south-dipping subduction was instigated because of collision of a microcontinent 
fragment with the Eurasian margin. This caused a temporary change in subduction 
direction producing intra-oceanic thrusting to the south. 
Single Mesozoic Tethys 
A single oceanic basin existed in the Early Mesozoic bounded by a north-dipping 
subduction-zone along the Eurasian margin. The Gondwanan margin did not 
fragment until the Early Cretaceous when a large microcontinent rifted off. Ophiolites 
were formed at a single mid-ocean ridge, within a northern ocean basin, during 
regional plate separation (Fig. 1.6). Allochthonous units including ophiolites were 
thrust hundreds of km south during Late Cretaceous-Early Tertiary times (Dercourt 
1986, 1992) 
Southward subduction 
In this model, during the Late Palaeozoic-Mesozoic, the northern margin of 
Gondwana was active (Fig. 1.7). Southward subduction of Palaeotethys instigated 
rifting off of a long continental fragment (termed Cimmena) which drifted 
northwards, colliding with Eurasia in Late Triassic times to form the Palaeotethyan 
suture. New basins formed in back settings in the wake of this fragment (e.g. 
10 
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Karakaya Basin and Neotethys). Suturing of the Karakaya Basin took place during 
the Late Triassic collision of Cimmeria and Eurasia. Rifted continental blocks were 
separated by Triassic back-arc oceanic crust. Late Cretaceous ophiolite obduction 
was seen to have originated in a variety of oceanic basins that sutured in the Tertiary. 
Early Aptian 










Figure 1.6: Single Mesozoic Tethys model for Late Triassic, Aptian and 
Maastrichtian times after Dercourt et al. (1986, 1993). Key as in Fig. 1.5 plus 
Kst=Karst; Dr--Drama; S=Sakarya. 
The closure of Neotethys and the accretion of the microcontinental blocks of 
Gondwana to Eurasis resulted in the formation of the Alpine orogenic belt (Sengor 
1979; Dixon and Robertson 1984; Sengor 1987; Jackson & Mckenzie 1984). Late 
Cretaceous collision between the Sakaraya continent and the Rhodope-Pontide 
fragment along the intra-Pontide suture formed the present Pontides (Fig 1.2). The 
Palaeocene/Eocene collision between the Menderes-Tauride block and the Pontides is 
11 
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thought to have resulted in south-directed thrusting and internal imbrication of the 
Menderes-Tauride platform (with the Menderes Massif in the west)(Sengör & Yilmaz 
1981; Sengor et al. 1984). Hetzel (1995) argues that this collision resulted in NINE 
directed thrusting. The resultant N/S shortening and thickening of the Alpine orogen 
in Turkey and Greece was followed by extensional deformation that unroofed the 
metamorphic rocks of the Mendere metamorphic complex, Attic-Cycladic crystalline 
complex and mainland Greece. The timing, causes and style of this extension and the 
formation of related sedimentary basins are the subjects of this thesis. 









- Mid Triassic " 	 Iran 
Eurasia 
Levant \ Mid Triassic - 









Figure 1.7: Southward subduction model of the eastern Mediterranean after Sengor 
et al. (1984). Key same as Figs. 1.5 and 1.6 plus: T=Tauride-Anatolide block. 
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1.4 Extension in orogemc belts 
In the last 20 years, the key role of late orogenic extensional deformation has been 
recognised in many orogenic belts (Crittenden et al. 1980; Dewey 1988). These 
extensional processes are defined as 'extension immediately or sometime later, 
following crustal shortening and mountain building' (Malavieille 1993). The Basin 
and Range Province (western USA) is a classic example of continental extension 
(Lister & Davis 1989) and models derived from this region have been applied to other 
orogenic belts e.g. Caledonides (Dewey et al. 1993); Himalayas (Burchfiel et al. 1992) 
and the Alps (Ratschbacher et al. 1989). Malavieille (1993) identified two main 
settings in which extension in mountain belts occurs (Fig. 1.8). The first is syn-
orogenic extension during convergent shortening of the lithosphere and the second, 
late or post-orogenic extension that takes place after thickening of the lithosphere. 
Regardless of the setting, extensional deformation results from gravitational and 
thermal instabilities due to crustal thickening and topographic relief. Numerous 
factors have been cited as influencing extensional deformation in an orogen. The 
thickening of the crust (Molnar & Lyon-Caen 1988); thermal relaxation following 
crustal thickening (England & Thompson 1984); crustal anisotropies generated during 
the contactional phase (Dewey 1988) and lithospheric delamination/convection (Bird 
1978; Houseman et al. 1981) are all thought to influence this process. 
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Syn-orogemc extension 
Fg 














Ft+ 	 Fg=Ft 
uplift 
Post-orogenic extensional collapse 
extension 
overall crustal thinning 	 asin 
Ft 
C TT7=1-~~nlr ~ 
Figure 1.8: Extension in orogenic belts (after Malavieille 1993)(Fg=gravitational 
forces; Ft=tectonic forces). A: Syn-orogenic extension occurs during convergent 
shortening of the lithosphere. B: Late-orogenic extension takes place after thickening 
of the lithosphere. Extension in the internal parts of the orogen occurs simultaneously 
with thrusting in the external parts. C: Post-orogenic collapse is characterised by an 
overall extension in both the internal and external parts of an orogen. In B & C the 
lithosphere has been thinned by delamination or convection. 
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Late orogenic extension leads to the exhumation of metamorphic core complexes 
along large extensional shear zones and detachment faults (Crittenden et al. 1980). 
Malavielle (1993) described two end members of core-complex based on the 
geometry and kinematics of the extensional shear zones. The first is asymmetrical and 
bounded by one low-angle normal shear zone which is upwarped during uplift and 
denudation of the core complex (Buck 1988; Wernicke & Axen 1988). The other, 
rarer, type is characterised by two low-angle shear zones with opposite vergence on 
both margins of the core complex (Malavieille & Taboada 1991). Extensional 
processes in orogenic belts offers a method for the rapid extension of deep crustal 
rocks that is difficult to explain by erosion alone (Platt 1993). The combined 
evolution of these extensional ductile shear zones and brittle detachment faulting 
commonly leads to the emplacement of weakly metamorphosed rocks onto highly 
metamorphosed and deformed rocks and the overprinting of mylomtic fabrics by 
younger brittle cataclastic features (Lister & Davis 1989). Basins associated with 
these shear zones and detachment faults, or supra-detachment basins (Friedmann & 
Burbank 1995) are common in core complex area, although their development and 
evolution are still relatively poorly understood. 
1.5 Logistics and methods 
To unravel the complex extensional history of west Turkey, a regional approach was 
taken with 3 extensional basins studied in detail: the Alasehir Graben, Gördes and 
Selendi Basins. This approach was chosen for various reasons , with the main being 
that each basin was thought to contain a small picture of the regions extensional 
evolution that when combined allow a complete understanding of the development of 
extension to be made. This proved to be the case. The isolated study of individual 
basins has previously led to misleading conclusions and controversy about the 
15 
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extensional history. This method has also allowed the direct comparison of NEJSW 
basins (GördeslSelendi Basin) with the E/W trending Alasehir Graben. Large areas of 
each basin were mapped at a scale of 1:25000 (Appendix 1) and some reconnaisance 
was made of the BuyUk- and Kuçuk-Menderes Grabens (Fig. 1.1). 
Fieldwork totalling 30 weeks was carried out during three field seasons; October-
November 1995, May-September 1996 and September-October 1997. Field mapping 
was undertaken using Turkish and Russian Military topographic maps. Satellite 
images of the region were also used (Fig. 1.9) which highlighted the strong structural 
grain of the region, but no aerial photographs were available. The three basins are 
moderately exposed, with good access via tracks and roads. In addition to natural, 
plentiful exposure, with man-made exposure, mainly road cuttings were also 
particularly useful.. Standard field techniques were used, such as logging, structural 
measurement, clast counting and measurement of palaeocurrent directions. These 
techniques were applied to rocks across all three basins in order to allow a tectono-
sedimentary record to be determined for each basin. Further information was gained 
from petrographic study, Ar/Ar dating (Chapter 5), X-ray diffraction, and X-ray 
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Figure 1.9: Landsat TM (band 5) image ui west Turkey and the study area, showing 
the major structural features of the region. 
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1.6 Thesis organisation 
This first chapter provides an introduction to the research and explains the rationale of 
the project. The late Tertiary structural evolution of the northern Menderes massif 
and the three extensional basins is discussed in Chapter 2. Chapter 3 describes the 
sedimentology of the NE/SW-trending Gordes and Selendi basins, whilst Chapter 4 
describes the sedimentary evolution of the E/W trending Alasehir Graben. This order 
was chosen as it was felt that the structural evolution of the region is a prerequisite to 
understand the sedimentary history of the basins. Chapter 5 describes the results of 
Ar-Ar dating of volcanic and volcaniclastic material from the three basins and 
compares the new dates with the existing stratigraphy. Geochemical analysis of the 
volcaniclastic sediments and volcanic rocks is presented in Chapter 6. Chapter 7 
presents a synthesis of the study, summarising the Late Tertiary-Recent basin and 
regional evolution of the northern Menderes massif and the implication of this 
evolutionary model for eastern Mediterranean tectonics. A summary of the main 
conclusions of this study are presented in Chapter 8. 
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Chapter 2 
NEOGENE STRUCTURAL EVOLUTION OF THE NORTHERN MENDERES 
METAMORPHIC COMPLEX AND OVERLYING SEDIMENTARY BASINS 
The Tertiary and, in particular, the Neogene structural evolution of the Menderes 
Metamorphic Complex (MMC) is critical to the understanding of the development of 
extensional sedimentary basins that lie on top of the complex. The complex itself is 
situated in W/SW Turkey and forms a large elongate (200000 km) culmination of 
metamorphic rocks and has been correlated as an eastward extension of the Attic-
Cycladic crystalline complex in the Aegean sea (see Fig. 1.1)(DUrr et al. 1978; DUrr 
1986; Hetzel 1995). In recent years the MMC has been studied in some detail, 
focusing on the role of extensional tectonics in the evolution of the MMC and the 
form, timing and development of this process (Hetzel et al. 1995; Bozkurt & Park 
1994; Verge 1993). Whilst the structural evolution of the MIMC is reasonably well 
understood, the relationship to the development of Neogene sedimentary basins is not 
clear. The lack of an integrated study of relationships between extension and basin 
development give rise to this study. This chapter introduces the tectonic evolution of 
the MMC with relation to formation of three basins: the Alasehir Graben, the Gördes 
Basin and Selendi Basin (Figs. 1.1 & 1.3). 
2.1 	Regional geology and tectonic setting (See Chapter 1, Section 1.3) 
The Aegean region is part of the Alpine-Himalayan orogenic belt (Dixon & Robertson 
1984; Decourt et al. 1986; Sengor 1987) with 'Tethys' being the term used for the 
II, 
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westward narrowing oceanic embayment that separated Laurasia from Gondwana 
(Fig. 1.4)(Seng6r & Yilmaz 1981). Tethys consisted of two branches, Palaeo- and 
Neotethys, with consumption of Palaeotethys taking place (see Chapter 1). 
Microcontinental blocks existed behind the Palaeo-tethyan arc and consumption and 
closure of Neotethys led to the accretion of these blocks to Eurasia and the formation 
of the Alpine-Himalayan orogenic belt (Dixon & Robertson 1984; Sengor 1987; 
Sengor 1979). 
During the pre-Triassic, the present area of western Turkey was part of the northern 
margin of Gondwana. Augen gneiss, that dominate the core of the MMC are 
interpreted as late- or post-orogenic granites that intrude during the final stages of the 
Pan-African continent-continent collision between east and west Gondwana around 
500-550 ma (Sengor et al. 1984; Stern 1994, Hetzel et al. 1996). After the Pan-
African orogeny, the future MMC was still part of the northern edge of west 
Gondwana (Stern 1994). 
The protolith of the pelitic, quartzitic and schistose envelope to the MIMC was 
deposited in Palaezoic times (Dürr 1975; Sengor et al 1984) before the Anatolide-
Tauride platform (with the future Menderes Complex) and the Apulian platform were 
rifted away from Gondwana as part of the Cimmerian Continent during the 
Permian./Triassic (Sengor 1979; Sengor & Yilmaz 1984). As Palaeotethys was 
consumed clastic sedimentation was superseded by widespread carbonate 
development that formed the outer marble envelope to the MMC (Sengor &Yilmaz 
198 1) and the marbles of the Cyclades and Apulian Platform. The Neotethyan oceans 
reached their maximum size during the Cretaceous and both branches were 
subsequently eliminated by subduction zones (Sengor & Yilmaz 198 1) and collision of 
Sarakaya Continent and the Rhodope-Pontide fragment created the Pontides 
(Ustaomer & Robertson 1996). The final closure of Neotethys in the Palaeocene-
Eocene was associated with northward directed thrusting and internal imbrication of 
the MMC resulting in Alpine metamorphism (Hetzel 1995). This N/S shortening was 
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then followed by extensional deformation resulting in the unroofing of metamorphic 
rocks in the MMC and the Attic-Cycladic Complex, although much controversy exists 
with regard to the timing and driving mechanisms of extension. 
2.2 	Previous work 
In most of the previous studies, the MIMC has been divided into a high grade core 
overlain by a cover series of schist, quartzite, and marble (e.g. Dun 1975; Dora et al. 
1990) although this is a very simplified picture See Fig. 1.3). Much of the early work 
dealt mainly with stratigraphic and metamorphic evolution, confirming a strong Alpine 
phase of metamorphism (Ketin 1966; Akkök 1983; Sengor et al. 1984). A few 
radiometric age determinations support the view of a severe Alpine metamorphic 
imprint in the complex (Satir & Friedrichsen 1986). The core rocks consist of augen 
gneiss, high-grade sediments and migmatite (Dora et al. 1990) and have been dated at 
approximately 550-500 Ma (Reischmann et al. 1991). The envelope of sediments 
range in age from Ordovician/Carboniferous at the inner margin to 
CreataceousfEocene for the outer marbles (see Sengor et al. 1984). On the northern 
margin however, there is no evidence for any sediment younger than Permian (Sengor 
et al. 1984). 
Limited studies have been made on the brittle deformation and the formation of 
Neogene graben that demonstrate a general N/S extension in the MMC (Angelier et 
al. 1981; Sengor 1987; Seyitoglu & Scott 1992; Paton 1992). Sengor (1987), 
discussed the relationship between the large E/W trending normal faults that bound 
the Alasehir Graben, and the normal faults (termed 'cross faults') that bound the 
NEJSW trending Gördes and Selendi basins (Fig. 2.1). Only recently have workers 
addressed the structural and tectono-metamorphic evolution of the complex, with 
Hetzel & Ring (1993), Bozkurt et al. (1993), Verge (1993), Bozkurt & Park (1994), 
Hetzel (1995) and Hetzel et al. (1995) all discussing the ductile deformation 
structures and the Alpine extensional tectonism. 
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Figure 2.1: Geological map of the Menderes massif and surrounding region, 
showing the three basins referred to in this chapter (after Hetzel 1995). 
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Bouguer gravity data (MTA 1979, Geosystems 1990) have been used for 2-d 
modelling of cross-sections, NE-SW across the Alasehir Graben near Salihli (Paton 
1992). In the gravity models proposed by Paton (1992), the sediments have a 
thickness of 200-500 metres above the gently dipping basement (detachment fault). 
North of the planar graben-bounding fault, the thickness of the basin fill increases 
drastically, reaching >1300 metres in the centre of the Alasehir Graben (Paton 1992). 
Within the area studied in this work Cohen et al. (1995) and Dart et al. (1995) 
examined the Neogene structural evolution of the Alasehir Graben, in a limited area, 
in relation to sedimentation. Similarly, although on a larger area, Emre (1996) and 
Emre and Sözbilir (1997) discussed the evolution of the Alasehir Graben with relation 
to metamorphic-core complex, detachment faulting and accomodation faults. A 
summary of previous workers conclusions can be seen in Fig. 2.2. 
Whilst the Neogene extensional evolution of the basement, or lower plate rocks is 
reasonably well understood (see above) detailed regional descriptions of the rocks and 
structures that he above the basement (upper plate) are currently lacking, especially in 
the vicinity of the GOrdes and Selendi Basins (Fig. 2.1). Part of the aim of this study 
and this chapter is to synthesise the previous, excellent work on the basement and 
lower plate development with new information accquired in the course of this work 
concerning the upper plates development through time. 
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Authors Area of Study Topic Conclusions 
Ketin (1966) MMC Strarigraphy and metanuphic 3 Phases of deftimation. 1st Triassic phase obliterated by second Alpine event resulting from burial to 15km and temps 
Dtlrr (1975) evolution of the MMC of 600 °c (amphibolite fades) due to collision of Anatolidcffaundc Platform with the Pontides. 3rd retrograde phase due 
Akkllk (1983) to unroofing - late Mlocene. 
Angelier et al. (198 1) Central MMC Extension and compression 3 most important compressive events occurred in the Miocene - intenipted 
by widespread extension by normal faulting 
with the minimum stress direction being N/S during the Pliocene. 
Sengtetal. (1984)  
Sengor (1987) Northern MMC Low-angle normal faulting and Large oblique-throw hinge faults orientated at high angles to the strike of major breakaway faults in W Turkey - exhibit 
Alasehir Graben differential stretching of hanging variable displacements which increase towards the breakaway fault- Hanging wails of major low-angle breakaway faults 
walls may exhibit differential internal extension accommodated by transverse faults. 
Seyitoglu (1992) Gfides Basin Timing of extension Extensional tectonics commenced in the Early Miocene in West Turkey and was 
Alasehir Graben coeval in both Use Gdes and Alasehir Basins. 
Paton (1992) AlasebirGrsben Active faulting, drainage and Extension on the Turkish Graben is 6-10 km - regionally B = 1.2 -1.3. Bounding faults - segmented on 5-10km scale. 
sedimentation Graben-bounding fault steps successively into the hangingwall. Gravity data indicates deptht to bascment=21m 
Verge (1993) Selendi Basin Low-angle detachment faulting and The Northern MMC has undergone top-to-the-NE extension on a low-angle detachment system - unroofing basement 
and 'vicinity exhumation ithologies of the MMC. The detachment fault surface undulates parallel to the tectonic extension direction, with NE/SW 
trending culminations and depressions in exceess of 120 km long by 30 km wide, with amplitudes >1.51un 
Bozkurt et al. (1993) Southern margin MMC South-Dipping Shearing and Late Oligocene erogenic collapse produced crustal extension accomodated on a major south-dipping normal-lease shear 
- 
Bokurt & Park (1994) exhumation MMC = Incipient core complex? 
Hetzel (1995) Central MMC Low-angle detachment faulting and Large, low-angle extensional shear zone with a top-to-NE shear sense. Regional ductile defamation was accompanied by 
Hetzel et al. (1995) & Alasehir Graben progresive ductile- cataclastic syntectonic granoditsite intrusion, indicating Early Miocene extension. Minor rotation (<15 °) of the detachment fault to 
deformation, its present dip took place, some southward tilting of the sediments. Continued extension - crested steep normal faults. 
Cohen et al. (1995) Alasthir Graben Syn-rift sedimentation and structural Extension in the E/W graben was primarily accommodated by tilted fault blocks 0.2-0.81an wide, bounded by planar 
Dart et at- (1995) near. Alasehir development of the E/W grabens faults - some antithetic faulting. Faults exhume rift fin. Rift-boiler faults migrate basinwarct Both margins are faulted. 
Emre (1996) Alssehir Graben between Detachment faulting Southern border of Alaselsir (Gediz) Graben and the northern margin of the B11,llk Menderes Graben ate characterized 
Emre & Sozbilir (1997) Salihli and Alasehir and by low-angle -normal faults - produce an asymmetrical shear zone of core-complex type. 
Btlytlk-Menderes Graben 
Figure 2.2: Table summarising previous workers structural research and conclusions 
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2.3 	Structural Evolution 
Over the past 20 years the important role of late orogenic extensional deformation has 
been recognised in the evolution of many orogenic belts (Crittenden et al. 1980, 
Dewey 1988; Malavieille 1993; see Chapter 1). This late orogenic extension leads to 
the exhumation of metamorphic core complexes along major extensional shear zones 
and detachment faults (e.g. Crittenden et al. 1980). The detachment surfaces separate 
a high-grade metamorphic/plutonic 'lower' plate that exhibits ductile and mylonitic 
fabrics, from a lower-grade, brittle 'upper' plate, above the detachment (Coney 1980). 
These terms (upper and lower plate) are used throughout this thesis to describe the 
relationships observed in the field. 
The northern margin of the MMC is dominated by progressive ductile-brittle 
deformation and associated low-angle, north-dipping detachment faulting. Two major 
systems have been recognised in this study, with one marking the boundary between 
the NE/SW trending basins (e.g. Gördes and Selendi Basins) and the MIIvIC, whilst the 
other system separates the central MMC from the basin fill of the EIW trending 
Alasehir Graben (Fig. 2.1). 
This chapter aims to describe the upper and lower plate structural evolution of both 
the area around the Gördes and Selendi Basins, and the Alasehir Graben. The 
tectonic history of both the upper and lower plate rocks will be synthesised for each 
area. 
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2.3.1 Northern region (Gördes & Selendi Basins) 
2.3.1.1 	Lower plate evolution 
The lower plate, or 'basement', evolution in the vicinity of the Gordes and Selendi 
Basins has received little attention in recent literature. Verge (1993) has published the 
only study that has addressed the tectono-metamorphic evolution of the area and that 
is limited to the Selendi Basin vicinity. This section will briefly describe the 
lithologies of the lower plate, and the structures present in the areas around both the 
basins in general before concentrating on each basin in turn. 
Lithologies 
The lowest levels of the exposed basement consist of biotite-granite augen-gneiss, 
with kyanite and sillimanite (Verge 1993). These metmorphic rocks can be seen to 
crop out between the Gördes and Selendi Basins (Fig. 2.1) and are tectonically 
overlain by kyanite, garnet and staurolite metasediments of schist, phyllite and 
quartzite (Verge 1993). Some migmatite and granitic bodies are also present. 
Pervasive deformation has resulted in the generation of intense LS fabrics, comprising 
gently dipping foliations, and shallow plunging north-eastern/south-western extension 
lineations. Verge (1993) described these fabrics as they intensify regionally, into an 
ultramylonitic lithology that is interpreted to mark a major ductile shear-zone. 
Structures 
The most striking features of the lithologies of the lower plate are extensive NE/SW 
extensional lineations (Fig. 2.3). These can be seen throughout the region and exhibit 
a strong top-to-NE shear sense that is also visible in rotated porphyroblasts, mineral 
deformation and small, asymmetrical folds (Figs. 2.4, 2.5 & 2.6). Gently dipping 
foliation and lineations were mapped across a wide area around both basins (Figs. 2.7, 
2.8 & 2.9). What is important about these lineations is that they are, the most 
dominant fabric present structurally, overprint and mask earlier structures, and are 
parallel to brittle striations on the same surfaces. The aforementioned features along 
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with the top-NE shear sense and extensional nature, preclude the hypothesis of 
workers such as Yilmaz (1998), who argue that these features are pre-existing, 'old 
basement' structures. These fabrics have been catacistically reworked close to the 
upper surface of the lower plate rocks (Verge 1993; Hetzel et al. 1995) and it is these 
structures that will be concentrated on. The structural domain around each basin will 
now be examined in turn. The age of extensional deformation has been constrained 
by the K/Ar dating of leucrogranite (Gördes) and Ar/Ar dating of granodionte 
(Alasehir) intrusions that are post and syn-tectonic with regard to the extensional 
deformation structures, respectively. In Gördes the age of onset of extension is thus 
Late Oligocene-Early Miocene whilst in Alasehir it is Early-Mid Miocene (Seyitoglu 
et al. 1992; Hetzel et al. 1995). 
Gördes Domain 
The southern margin of the GOrdes Basin has a well exposed series of lower plate 
basement rocks with the lithology being dominated by schist, marble, and rare 
quartzite. In the vicinity of Poyraz (Fig. 2.8.) the lithology is dominated by white to 
grey, granoblastic marble that is heavily foliated with a top-NE extension lineation. 
Underlying this unit is heavily foliated schist. Both horizons are cut by high-angle 
east-west-trending normal faults, with displacements of several metres. Minor folds 
that verge towards the north are also seen. Sigma structures within phyllitic-schists 
indicate a top-to-the-NE shear sense (Fig. 2.5). When stereographically projected, 
lineation and foliation data for the Gördes domain indicate a strong NNE shear sense 
(See Fig. 2.7). 
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Figure 2.3: Plate showing NE-SW mineral elongation lineation within schist from 
the east margin of the Gördes Basin. 
Figure 2.4: Plate showing rotated porphyrolast in gneissose rock on the eastern 
margin of the Selendi Basin (top-NE shear sense) 
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Figure 2.5: 	Plate of sheared fine grained schist from the southern margin Gördes 
Basin, with deformed mica fish showing top-NE shear sense (XPL; 15 x 
Magnification) 
Figure 2.6: Photomicrograph of highly sheared quartzite from the upper 
detachment surface on the southern margin of the Selendi Basin (nr. Yurtbasi)(XPL; 
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Figure 2.7: Stereonet data from the Gördes & Selendi Basins. A & B show 
foliation data with mineral elongation data from the detachment surface (contoured in 
B). C & D show high angle fault plane sufaces with some slickenside data; contoured 
in D. 
The sheared nature of the lithologies increases upwards towards the overlying 
sediments. In the base of a gorge of the River Gordes (nr. Daglara-Danlara) a vertical 
section is observed through gneissic material at the base, up through an angular 
disconformity into heavily sheared schist and lenticular marble layers (Fig 2.10). The 
contact dips at a shallow angle (23 0) towards the N/NNE. Large N-dipping normal 
faults can be observed cutting the sheared basement (Fig. 2.11). The uppermost units 
(10-20 metres) of the lower plate rocks are cataclastically deformed, with micro- and 
meso-scale faults cross-cutting the basement lithologies and micro-scale cataclastic 
deformation of mylonitised, schistose and marble material (Fig. 2.12 & 2.13). 
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Figure 2.8: Structural map of the Gördes Basin and surrounding area 
31 
Chapter 2: Tectonic evolution 
/ 
\ + + + + 	
+ 	
+ 
- V--t\ 	 ~ 	 ~ 	 . \ + 
_=_ r=;sELENDr=_ — -- 









\.-.. 	S.  .•J 	7 	
\5 	'\431, 
4n, 	 .\ 
/Z 	 Yurtbasi  
IrT Ti1 A  
— , 
K' ilL 
An, 	41 	-  ,,, F' - \\\5,\ 	4km 	''  
- 	 - ,,/,,,7,, ' 
38° 
S \\SSS\ 
A',,,. of \\\\•\\%•, 	i1\S5*5%\ 
.' 
S\\\\\\\\\\\\\\\\\\S.\\• , , ,, ,,,,,,, , , ,,,,,,,,,,  
28035 28°  
	
•- ' 	 c \,\,\,\,\,\;%,\,%,\,\,,SS.c 
Agglomerate Quaternary Basalt 
'+ Acidic Intrusives ...t 	Dip of foliation/lineation plunge 
Lacustrine/tuff fades -. 	Dip of bedding 	+ horizontal bedding 
Alluvial plain facies oW 	Palaeo-current direction 
Alluvial fan facies __________ Detachment fault 
Ophiolitic Melange - 	Normal fault 
Menderes metamorphic lithologies 	• 	Village 
Lines of section from Figs. 2.15 & 2.34 marked 
Figure 2.9: Structural map of the Selendi Basin and surrounding area 
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Figure 2.10: Sketch of section through the southern margin of the Gördes Basin, nr. Daglara-Damlara, in Gördes River valley. 
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Figure 2.11: Large north-dipping, high-angle normal fault, cutting schist of the 
lower plate, nr. Daglara Damlara (Gördes Basin) 
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Figure 2.12: Small-scale normal fault in marble on the southern margin of the 
Gördes Basin, nr Poyraz. (Looking east). 
35 




' I • 	0 
• 	 _•.•__•4 	. 	 - 
I 
;j 
s 4 '1 
Figure 2.13: Photomicrograph of highly sheared schist form southern margin of 
Gordes Basin. Exhibits numerous microscale faults and deformation seams that offset 
the foliation.(PPL x 10 Magnification). 
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The whole southern and eastern margins of the basin exhibit a ductile/brittle pattern of 
deformation with some differences due to a later stage E/W trending, high-angle 
faulting (Fig. 2.8). In general, the eastern margin of the basement exhibits a smooth 
topographic profile marked by the sheared lithologies, with the foliation, in general, 
lying sub-parallel to this surface. The upper surface of the lower plate, on the eastern 
margin dips gently (0200)  northwards and to undulate when viewed parallel to the 
extension direction determined from the lineation and shear sense indicators (NINE). 
This undulation has an amplitude of approximately 1km, a wavelength of 15-20km 
and an exposed length, parallel to the extension direction, of >40km. This undulation 
has generated an eastern margin that appears to dip westwards, at a shallow angle, 
beneath the basin fill of the GOrdes Basin, that lies unconformably above (see Section 
3.3.1)(Figs. 2.14 & 2.15). The convex-up undulations form the basement between the 
Gordes, Selendi and Demirci basins, and are not horsts, as previously interpreted (e.g. 
Helvaci 1990). The basement lithologies on the eastern margin of the basin are also 
extensively cross-cut by a distinctive suite of tourmaline-bearing leucrogranite dykes, 
that comprise coarse quartz, feldspar, muscovite and tourmaline. These intrusions are 
undeformed and are dated by the K/Ar method between 24.2±0.8 and 21.1±1.1 Ma 
(Seyitoglu et al 1992). The fact that they are undeformed by any of the extension-
related fabrics present in the surrounding country rock, indicates that the must have 
been intruded after the extensional event responsible for this fabric had ceased. 
In addition to the structures described above, large high-angle normal faults can be 
seen to cut the upper plate (section 2.3.1.2), and also offset the lower-plate basement 
lithologies, and the sheared contact between the plates (Figs. 2.8 & 2.16). These fault 
planes are poorly exposed within the basement lithologies due to weathering, although 
some faults could be measured, and were seen to trend east-west (Fig. 2.8). Limited 
slickenside data indicates a dextral component on these faults (Fig. 2.7). 
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Figure 2.14: Plate looking NE along the eastern margin of the Gördes basin 
showing the low-angle undulating contact with the upper plate (taken from nr. Egrit). 
Figure 2.15: Cross-sectionWNW-ESE across the Gördes, Selendi & Demirci 
Basins, showing the corrugated morphology of the detachment surface and lower 
plate when viewed parallel to tectonic transport direction. (Location of section - see 
Figs. 2.8 & 2.9). 
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Figure 2.16: View of the east margin of the Gördes Basin showing a strong, fault 
controlled, stepped topography. (Viewed from Kayacik, see Fig. 2.8) 
Selendi Basin Domain 
The only detailed study of the tectono-metamorphic evolution of the northern MIvIC 
was undertaken by Verge (1993) in the vicinity of the Selendi Basin. This chapter 
builds on the conclusions of Verge (1993) and integrates a more detailed appraisal of 
the upper plate evolution. Lower plate lithologies consist of high-grade, kyanite and 
sillimanite augen gneiss that are tectonically overlain by metasediments formed at 
lower temperatures (Verge 1993). The lower plate rocks exhibit pervasive 
deformation comprising gently-dipping foliation and an extensional lineation that 
plunges towards the NE/SW (Figs. 2.7 & 2.9). Areas of high strain contain shear-
sense indicators that have abundant top-to-the NNE structures, e.g. rotated 
39 
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porphyroblasts visible near Taskoy (Fig. 2.17). Deformation of these lithologies 
increases with height and proximity to the upper plate, as in the vicinity of Yurtbasi, 
on the southern margin of the basin, where increased shearing of augen gneiss can be 
observed (Fig. 2.18). 
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Figure 2.17: 2.17: Rotated feldspathic porphyroblast within coarse schist, near Taskoy 
(see Fig. 2.9). Top-NE sense of shear observed through a structures. 
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Figure 2.18: Increased shearing and deformation within schistose material, with 
proximity to the detachment surface, on the southern margin of the Selendi Basin near 
Yurtbasi (see Fig. 2.9). 
In the area around Yurtbasi (Fig. 2.9), the lineation and shearing are strongly 
developed just beneath the contact with upper plate sediments. These sediments are 
shown to onlap a north-dipping, low-angle surface in this vicinity (Chapter 3), 
indicating that they must have been deposited after the exhumation of this part of the 
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basement complex (Purvis & Robertson, 1997). The foliation lies sub-parallel to the 
upper surface of the lower-plate rocks in this region (Figs 2.7 & 2.9). The upper 
morphological surface of the lower-plate undulates on both a 100 metre and kilometre 
scale when viewed parallel towards the extension direction (Figs 2.15 & 2.19). This 
regionally extensive 'corrugation' has generated the east and western margins for the 
basin at the largest scale. A similar pattern of passive onlap of the upper levels of the 
basin fill is seen on both margins of the basin, with the lower plate dipping at relatively 
shallow angles beneath the sediment (e.g. near HüdUk, Fig. 2.20) on the western 
margin. Heavily sheared and mylonitised amphibolite was observed on the upper 
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Figure 2.19: View of the southern margin of the Selendi Basin looking west over 
the village of Yurtbasi (Fig. 2.9). The picture is taken from a spur of metamorphic 
rock, with the low-angle, corrugated morphology of the basement-sediment interface 
being visible on a scale of hundreds of metres. 
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Figure 2.20: View of the western margin of the Selendi Basin and the village of 
Hüdük (see Fig. 2.9) showing the low-angle dipping metamorphics of the lower plate, 
in the foreground that dip beneath the basin fill in the middle-ground. 
Figure 2.21: Photomicrograph of heavily sheared amphibolite rich in glaucophane 
taken from the upper surface of the lower-plate near the village of lçikler (see Fig. 
2.9XPL: 12.5 x magnification). 
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2.3.1.2 	Upper plate evolution 
The evolution of the upper plate, in the GOrdes and Selendi areas, has received very 
little attention in the literature, with studies concentrating on the sedimentological 
evolution, whilst neglecting the linked evolutionary history of the lower plate 
lithologies. Only Verge (1993) has touched on this critical aspect of the evolution of 
the upper plate, in the vicinity of the Selendi Basin, in which he states that the 
exhumation of the MMC terminated before deposition of Mid-Miocene sediments that 
he unconformably on the metamorphics. The rocks that he above the lower plate and 
the shear-zone that marks its upper surface were examined in this study, for both 
regions. In general the rocks consist of ophiolitic mélange similar to that described by 
Collins (1997) from the southern MMC. This mélange consists of small to large 
blocks of basalt, serpentinite, chert and limestone, and is in contact with the lower 
plate, along with various sedimentary formations that have been deposited during, and 
after the exhumation of this part of the MMC. 
Gördes Domain 
The upper plate within the Gördes domain is dominated by a large exposure of 
ophiolitic mélange that represents material derived from the Izmir-Ankara suture zone 
(Seyitoglu et al. 1993) on the western margin of the basin (Fig. 2.8). Fragments of 
similar material can also be seen on the southern margin and also partially covering 
the central igneous complex, near the summit of Azim Dag (Fig 2.8). The southern 
margin, where the shallow-dipping lower plate is observed (Section 2.3.1.1), passes 
upwards across a heavily sheared contact into sheared ophiolitic mélange that sits in 
tectonic contact on the lower, metamorphic rocks of the lower plate (Fig. 2.10). This 
section exhibits a passage from sheared basement schist, quartzite and marble, into a 
strongly fractured, heavily deformed zone —100 metres thick that is capped by a 
mixture of sheared ophiolitic and metamorphic material containing quantities of 
marble and chert (Fig. 2.22). These deformed ophiolite-related rocks then pass, over 
Chapter 2: Tectonic evolution 
20 metres, into coarse, poorly-sorted scree-like conglomerate on the basin margin 
(Section 3.3.1.3). 
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Figure 2.22: Photomicrograph of red, radiolarian chcrt from ophiolitic mélange on 
the southern margin of the Gördes Basin (PPL; 32 x Magnification). 
On top of Azim Dag (Fig 2.23), blocks of mélange are visible. These consist of 
basalt, diabase, chert, limestone and palagonitic tuff (Fig. 2.24). The chemistry of 
some of the crystalline rocks were analysed: for results see Chapter 6. The blocks are 
chaotic and up to tens of metres across. The material can be seen to sit discordantly 
on top of underlying rhyodacitic igneous material, with little evidence of a baked 
margin. Recrytsallised limestone within the mélange appears to be conglomeratic, 
although heavily recrystallised, with sheared and stretched clasts. 
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Figure 2.23: View of the summit of Azim Dag, looking west, with outcrop of ophiolitic mélange consisting of blocks of chert, basalt, 
diabase and limestone. 
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Figure 2.24: Outcrop of heavily deformed red chert from the mélange from the 
summit of Azim Dag, Gördes Basin (Fig. 2.8). 
The western margin is dominated by a thick unit of ophiolitic mélange that contains 
chaotic blocks of chert, recrystallised pelagic limestone, serpentinite and harzburgite. 
No high-angle faults were observed at the junction between this material and the basin 
fill; the contact appears to be passive with the upper levels of the basin fill onlapping 
the mélange on the western margin. The contact between the mélange on the western 
margin of the basin and the lower plate is not exposed, but is inferred to be a tectonic 
contact similar to the relationship seen on the southern margin. In addition, two 
isolated inliers of mélange exist in the NE of the basin near the villages of citak and 
Dagdere (Fig. 2.8) being completely onlapped by sediments, again with no high-angle 
faults visible. 
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Sedimentation 
A series of coarse, poorly sorted conglomerates are exposed in the centre of the 
Gordes Basin (Chapter 3), and are interpreted in this study as alluvial fans created in 
response to flash floods. These sediments dip at high angles, towards the underlying 
basement, with the majority of readings being towards the north or south (Figs. 2.8 
and 2.25), although these sediments show some folding that is interpreted to have 
been due to the emplacement of the central igneous complex. that cuts them. 
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Figure 2.25: Steeply dipping and deformed conglomerates and sandstones close to 
the central volcanic complex, near Kayacik, Gordes Basin. 
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Later sediments unconformably overlie the conglomerates described above, and are 
relatively flat lying (Fig. 2.8) (Chapter 3). As described above these sediments can be 
seen to passively onlap the shallow dipping eastern margin of the Gördes Basin and 
also the steeper western margin and mélange inliers. The sediments are also much 
finer overall. 
High-angle faulting 
High-angle normal faulting as developed in the lower plate of the GOrdes basin is 
much better exposed within the sedimentary basin fill. Many meso- and macro-scale, 
east-west trending normal faults visibly cross-cut the succession (Fig 2.8 & 2.26). 
These faults offset the sediments, although displacements appear to be limited to 0.5-
20 metres, and have only subtle topographic expressions. The faults have drag folded 
and brecciated the adjacent lithologies (Figs. 2.26 & 2.27). Limited slickenside data 
from fault planes indicates a small dextral component within an overall dip-slip sense 
of displacement (Fig. 2.7). These faults cut all sediments and there is no evidence for 
progessive faulting during deposition of the upper part of the basin fill, as nowhere is 
any high-angle fault seen to be overlain by sediment, or any thickening of sediments 
into fault planes. The largest faults are concentrated in the centre of the basin (Fig 
2.8). 
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Figure 2.26: High-angle E-W trending fault, south west of Gördes, showing drag 
folding in fine-grained/tuffaceous sediments. 
Figure 2.27: Brecciated, fault gouge from fault seen in Fig. 2.26, showing brittle 
deformation fabrics. 
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Selendi Domain 
The upper plate lithologies in the Selendi Basin are dominated by isolated fragments 
of ophiolitic mélange in tectonic contact with underlying metamorphic basement 
lithologies and the sediments that comprise the basin fill (Fig 2.9). Trachydacite 
intrusions (Chapter 6) cut the sediments in the northern part of the basin (Fig. 2.9). 
The ophiolitic fragments are relatively small (10's to 100's metres in size) and are 
concentrated close to the underlying lower plate, e.g. on the southern basin margin, 
near Yurtbasi, and also in the deepest exposed central part of the basin (Fig. 2.9). 
The bodies themselves are dome shaped and consist of recrystallised limestone, chert, 
harzburgite and basalt (Fig. 2.28). These lithologies form a chaotic mélange of poorly 
sorted small clasts to very large blocks (0.5 to >100 cm), which range from clast- to 
matrix supported. Locally, clasts within the sedimentary fill are derived from this 
material (see Chapter 3). At one locality, in a cutting on the main Izmir-Ankara 
highway near Yurtbasi, (Gr. 599 758), a heavily weathered contact was observed 
betweeen the underlying sheared lower plate lithologies of the MMC and an overlying 
fragment of low-grade mélange of the upper plate. This contact dips at approximately 
18° towards the NINE (Fig. 2.29). 
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Figure 2.28: Outcrop of ophiolitic melange, near Pabuclu, Selendi Basin (Fig. 2.9) 













Figure 2.29: Schematic section through the southern margin of the Selendi Basin, 
showing the low-angle nature of the detachment surface, ophiolitic 'rider' and post 
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Sedimentary successions 
Coarse, moderately sorted conglomerates are exposed in the deepest, central part of 
the Selendi Basin (Chapter 3). These deposits dip at steep angles (500)  towards the 
SW, into the underlying lower plate (Fig. 2.30), and have a palaeoflow directions 
towards the NINNE, although no contact between these sediments and the lower 
plate is exposed. These sediments are interpreted as being sheet-flood-dominated 
alluvial fan deposits (Chapter 3). Later sediments unconformably overlie these 
deposits and are finer in overall grain size. The sediments of the upper part of the 
basin fill dip at low angles, and can be seen to passively onlap the southern, eastern, 
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Figure 2.30: Steep-dipping conglomerates, in the centre of the Selendi Basin. near 
Derekoy (see Fig. 2.30), dipping towards the SW. 
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Figure 2.31: View of southern margin of Selendi Basin, near Taskoy, showing the 
underlying metamorphics, passively onlapped by fine grained sediment above. 
Figure 2.32: Characteristic fault stepped topography, south of Selendi, looking east 
(see Fig. 2.9). 
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Both the sedimentary fill and the lower plate are cut by high-angle (>35°) east-west-
trending normal faults that have generated a distinct topography that steps towards 
the centre of the basin (Fig. 2.32). No sediments are associated with this faulting and 
displacements on the faults are cm's to 10's of metres. The lower plate is also cut and 
segmented by these high-angle faults, although the deformation is more subdued and 
the presence of faulting is usually limited to a topographic break, within an otherwise 
smooth topography. The faults appear to cut all the sedimentary units present within 
the basin, with no evidence for progressive development of faults and later 
sedimentation. Trachydacite volcanic intrusive bodies also cut the basin fill in the 
northern part of the basin with associated agglomerate deposits (Fig. 2.9). These 




The ductile deformed and mylonitic fabrics of the lower plate that characterise the 
upper surface within the GOrdes domain indicate a regional top-to-NE sense of shear 
that is interpreted as an extensional shear zone (Malliavale 1993). When viewed 
parallel to this direction, the shear zone exhibits undulations up to 60 km long, with a 
wavelength of 25 km and an amplitude of 1-2 km. This has created spoon shaped 
depressions that then acted as a natural trap for sediments and produced the 
accommodation space for the Gördes Basin. The surface itself has a low-angle 
regional dip towards the NINE of approximately 20 degrees. The detachment surface 
also exhibits evidence for later stage cataclasis that overprints the ductile fabrics 
indicating a progressive change in deformation from ductile to brittle conditions, that 
can be attributed to progressive extensional exhumation and unroofing of the MMC. 
Thus, the basin is interpreted to have been formed by extensional detachment on a 
presently low-angle, north-dipping normal fault zone. The interpreted structure can be 
seen in the NW/SE cross section that passes through the central igneous complex 
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removed, with no remnants being visible today. This can be also seen in the wide area 
(>600 Ian) that is now covered by sediments, and is interpreted as indicating large 
displacement on the fault. 
5 km 
Figure 2.33: Cross section NW-SE through the Gördes Basin; for location of 
section and key see Fig. 2.8. 
In tectonic contact on top of the high-grade, lower-plate metamorphic lithologies, are 
small fragments, or 'klippen' of low-grade ophiolitic mélange, that are correlated with 
similar material in the Izmir-Ankara Zone (Seyitoglu 1992; Verge 1993). On top of 
Azim Dag, in the centre of the basin, ophiolitic melange sits at the highest point within 
the basin unconformably on top of rhyodacitic intrusive rocks. Thus, we interpret the 
extensional event reponsible for emplacing the melange onto the basement to be pre-
the emplacement of the Early Miocene intrusive event. In addition to the klippen, the 
strongly dipping alluvial-fan conglomerates are also interpreted as being syn-tectonic 
sediments deposited during extensional exhumation on the detachment surface, and 
rotated into their present attitude during progressive extension (Chapter 3). The 
northward palaeoflow direction of these sediments is interpreted as the product of 
flow down the detachment fault, being confined within the undulations on this surface. 
The fact that cooler and, lower grade rocks are emplaced, in tectonic contact onto 
high-grade metamorphic lithologies that have a regional, low-angle, north-dipping 
surface, also supports the argument that this surface is an extensional detachment fault 
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(Malliavalle 1993). Later fluvial and lacustrine sediments, that unconformably overlie 
the early syn-tectonic sediments and passively onlap the margins of the basin, are 
interpreted as resulting from sedimentation that took place alter displacement on the 
detachment surface had ceased, and are considered as post-tectonic. 
All of the sediments of the basin fill and the lower-plate rocks are cross-cut by the 
east-west trending, high-angle normal faults, resulting from N/S extension. The fact 
that all of the basin fill is cut by these faults, with no thickening observed towards the 
faults in the upper sequence of sediments, indicates that the faulting was not 
progressive and that it took place after the basin fill had been deposited. These faults 
have resulted in moderate dips, now seen in the upper parts of the basin fill. The 
timing of movement on the detachment fault is constrained by the age of leucrogranite 
dykes that cut foliation within the lower-plate and they are unaffected by any 
extensional related fabrics and have been dated as from 24.2 ± 0.8 and 21.1 ± 1.1 Ma, 
or latest Oligocene to Early Miocene (Seyitoglu et al. 1993). In addition the 
sedimentary fill of the basin is dated by a cross-cutting central igneous complex that is 
18.4±0.8- 163±0.5 Ma, thus giving a late Oligocene-Early Miocene age for the 
extensional episode that was responsible for unroofing the MMC in this region. The 
intrusive bodies in the Gördes Basin have a subduction-related geochemical signature 
that is interpreted to be inherited prior to the development of regional extension 
(Chapter 6)(Seyitoglu et al. 1993). 
Selendi Domain 
Within the Selendi Basin, very similar patterns can be seen to those of the Gördes 
Basin. The morphologies of both basins are also similar, with the Selendi Basin being 
dominated by the presence of an undulatory shear zone, defined by mylonitised and 
sheared basement lithologies that intensify towards the upper surface of the lower 
plate. These lithologies show a heavily sheared fabric, associated with top-to-NE 
shear sense indicators and a NNE/SSW extension lineation. The culminations and 
depressions on this surface are approximately 100km long, with a wavelength of 30 
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Ian and an amplitude of 1-2km, when viewed parallel to the transport direction, and 
also have a gentle dip of up to 200  toward the NNE. This has again given the basin a 
spoon-shaped geometry. This morphology is very similar to that exhibited by the 
GOrdes Basin. 
In tectonic contact, above the shear zone, are unmetamorphosed, low-grade klippen 
of ophiolitic mélange. In addition, there are syn-tectonic alluvial-fan conglomerates 
interpreted to be related to extension, on the north-dipping extensional shear zone; 
these were emplaced at high angles onto this surface through continuing extension. 
The steep dips towards the south west, thickening of some horizons towards the 
detachment fault, and general coarse nature also support this conclusion. Palaeoflow 
is towards the NNE and parallel to the axis of the corrugations, indicating that this 
surface was northward sloping during deposition. Thus, the shear-zone is interpreted 
as an extensional detachment fault that dips gently toward the NNE. The east and 
west margins are not bounded by high-angle faults as suggested by Seyitoglu (1997), 
but result from the culminations and depressions on the detachment system. Later 
fluvial and lacustrine sediments unconformably overlie the initial syn-tectonic 
sediments and passively onlap the southern, eastern and western margins and are, 
therefore, interpreted as being deposited after the extensional event that was 
reponsible for the detachment, or are post-tectonic. The whole of the basin fill and 
the underlying lower plate are cross-cut by high-angle E/W trending normal faults that 
show no evidence for progressive development and are interpreted as being due to a 
discrete phase of N/S extension that commenced after the deposition of the basin-fill 
and extensional detachment. The fact that the high-angle faults cut and offset the 
detachment surface, that the upper part of the basin-fill passively onlaps the 
detachment suface, and that no buried faults are visible within the basin supports this 
argument (Fig. 2.34). No accurate age data are available for the onset of this second 
phase of faulting.. The high angle faults are visible in the N/S cross-section along the 
axis of the basins (Fig. 2.34). Trachy-dacite intrusions, that cross-cut the basin and 
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14.9±0.6 Ma (Seyitoglu et al. 1997; Seyitoglu. 1997) and this indicates that the basin 
must have developed prior to this time, i.e. during the Early Miocene. The 
geochemistry of the intrusions will be discussed more fully in Chapter 6, but these 
intrusions are predominantly caic-alkaline. Later Quaternary volcanics are dominated 
by alkaline basalts e,g. Kula basalts (Bunbury et al. 1991). 
Figure 2.34: Cross-section NE-SW through the Selendi Basin; for key and location 
see Fig. 2.9. 
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Summan' 
The Gördes and Selendi Basins exhibit very similar structural evolutions, with similar 
structures, morphological characteristics and facies present in both areas. The timing 
of development of both basins is similar and is suggested as being coeval (Seyitoglu 
1996). In addition to this, another similar basin, the Demirci Basin (Fig. 2.15), exists 
between the two basins of this study. This basin also has a similar structure, 
morphology and although not as well exposed, the sediments appear alike (after 
reconnaissance) Because of this all three basins are interpreted as the result of 
extensional detachment on a common detachment system that marks the boundary 
between the lower and upper plates. The resulting morphology is illustrated by a 
cross-section acoss all 3 basins at right angles to the transport direction (Fig. 2.15). 
Such a corrugated morphology is a common feature of detachment faults described in 
the literature (e.g. John 1987; Davis & Lister 1988; Spencer & Reynolds 1991; Dinter 
& Royden 1993, Friedmann & Burbank 1995), with the average wavelengths of 10-30 
Ian.  and amplitudes of 1-2 km being very similar to the basins examined in this study. 
Displacement on the detachment surface removed the upper plate MMC and allowed 
a vast area (>5000 km) of the lower plate to be exhumed and then buried by 
sediment (Figs. 2.8 & 2.9). Displacement on this detachment took place quite rapidly 
(2-5 Ma), after the cessation of compression in the Mid-Oligocene (Seyitoglu 1992; 
Verge 1993), with the basin development being constrained by the igneous cross-
cutting igneous relationships, and new dating of intraformational tuffaceous horizons 
(Chapter 5), as Early Miocene. It has also been suggested (Verge 1993) that the 
MMC was exhumed from beneath 20km of overburden on this detachment system, 
with a minimum cumulative extensional displacement of 270-300km. The whole 
region then underwent a later phase of N/S extension, creating E/W trending normal 
faults that crosscut the sediments and lower plate lithologies. This faulting has taken 
place since the Early Miocene, but is poorly constrained in age, although it is still 
taking place today (Eyidogan 1988; Eyidogan & Jackson 1988) as indicated by recent 
earthquakes. 
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2.3.1.4 	Discussion 
The Gördes and Selendi Basins developed initially as a result of extension on a large 
corrugated detachment fault that had klippen of low-grade ophiolitic mélange 
emplaced onto it during extension. Syn-tectonic sediments were deposited and 
emplaced at high angles onto the detachment through continued extension. A second, 
discrete phase of extension began after the basin fill had been deposited and is still 
active today. Thus, we have a two phase extensional history, with both low-angle 
detachment and high-angle normal faults affecting the basins in the region. According 
to Friedmann & Burbank (1995), Fedo & Miller (1992) and Fowler et al. (1995) this 
second period of faulting may be attributed to block faulting within the upper plate or 
other deformation during extension, and typically begins a few Ma, after basin 
initiation. These authors also argue that this may also result from stress caused by 
isostatic uplift of the lower-plate. This model does not take into consideraton the 
external driving mechanisms that may produce later extension, and are thought to be 
critical in this region (see Chapter 7), such as subduction roll back and tectonic 
escape. The conundrum of the origin of the low-angle north-dipping detachment 
fault, will be examined in Section 2.3.3. 
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2.3.2 Structural Evolution of the Alasehir Graben 
This section will examine the structural evidence from both the north and south 
margins of the Alasehir Graben, before developing an integrated model for the 
structural development of the basin. 
2.3.2.1 	Lithological units 
Within the study area, the lithological units are dominated by 'cover series' rocks that 
consist of mica-schist, phyllite, quartzite and marble (Fig. 2.1). Only a limited amount 
of metamorphic core lithologies are exposed within the area, although some small 
klippen of high-grade augen gneiss are exposed resting on top of the cover series 
rocks. Some granodionte bodies are present as intrusions within the core rocks in the 
central part of the study area. The upper part of the cover series rocks and 
incorporated granodiorite on the southern margin, have been deformed into 
cataclasite. A full description and summary of the metamorphic rocks of this areaa 
was given by Hetzel (1995). Neogene to Recent sediments, discussed in Chapter 4, 
are exposed on both the north and southern margins of the basin, with the centre of 
the basin being dominated by a flat, poorly exposed, meander plain (Fig 2.35). 
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Figure 2.35: Geological map of the Alasehir Graben study area, with location of cross-sections marked. 
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2.3.2.2 	Structures 
Structures visible within the study area are mainly extensional lineations, along with 
many structures that exhibit top-to-NE sense of shear direction, such as rotated 
porphyroblasts, deformed mica and NE-verging isoclinal folds (Fig. 2.36 & 2.37). 
Evidence for cataclastic deformation is common on both margins, each of which will 
be discussed in turn. The southern margin is dominated by a low-angle sheared, 
mylonitised and cataclastically deformed surface that separates the lower plate 
lithologies from klippen and sedimentary deposits above (Hetzel et al. 1995), and 
appears to be segmented on a km scale (Purvis & Robertson 1998). The northern 
margin, in contrast, is much less rugged and lacks such a regionally extensive surface. 
2.3.2.3 	Southern margin 
Lower plate 
On the southern margin, the lower plate lithologies, defined as the rocks that are 
located structurally beneath the surface described above, are dominated by a heavily 
sheared sequence of schist and quartzite that has extensive and pervasive extensional 
mineral lineations, in addition to numerous examples of structures that indicate top-
NE sense of shear (Fig 2.35). A strong, gentle north-dipping foliation is also present 
throughout the lower plate rocks and is sub-parallel to the actual upper surface of the 
lower plate which dips northwards at between 12 and 22 °. The upper surface of the 
lower plate is marked by the presence of a distinctive cataclasite horizon that is 
approximately 50 m thick and exhibits strong grain-size reduction and has a 
fragmented appearance (Fig. 2.38)(Hetzel et al. 1995). A planar foliation is still 
present and these rocks exhibit cataclastic faulting at micro-and mesoscale. The 
cataclasite itself incorporates metamorphic lithologies and granodiorite, although it is 
difficult to determine the exact lithologies in hand specimen with a matrix of quartz, 
chlorite, muscovite, angular lithic fragments and iron oxides. 
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Magnification) 
Figure 2.37: Outcrop of coarse, heavily sheared, porphyroblastic schist from the 
southern margin of the Alasehir Graben. 
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Figure 2.38: Close up view of the detachment surface, near Keskinler, showing the 
brittle, angular, fragmented appearance and low-angle dip to the north. 
The planar horizon described is a very distinctive geomorphological feature which has 
a distinct convex upward-profile and a corrugated appearance when viewed from 
above (Figs 2.39 & 2.40). The corrugations on the detachment surface are less 
marked in the Alasehir region, than in the GOrdes/Selendi Basins, with a wavelength 
of 4-5km and some segmentation of the fault visible. The present attitude of this 
sheared/cataclastic surface dips at 12-20 ° towards the N/NNE and is laterally 
continuous for at least 30km. Although, appearing continuous the surface is, 
however, segmented and disrupted by incoherent zones up to 1km wide, where the 
smooth surface is absent (Fig 2.40). 
Figure 2.39: View of the convex-up, low-angle, north-dipping detachment surface looking towards the ESE, from Saylik (Southern 
margin of Alasehir Graben). 
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Figure 2.40: View of the southern margin of the Alasehir Graben, taken looking 
SW from Kamaliye (Fig. 2.35). Interpretation shows the corrugated morphology of 
the detachment surface and breaks between fault segments. 
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The Salihli granodiorite that is intruded into the lower plate lithologies in the centre of 
the study area shows no previous metamorphic overprint, but does exhibit the same 
low angle foliation and extension lineation towards the NE as seen in the surrounding 
country rock (Fig. 2.41). The country rock, however shows extensive evidence in the 
form of foliations, folding and cleavage that records earlier compressive deformational 
events (Hetzel et al. 1995). Hetzel (1995) described the contact between the intrusion 
and the country rock as being parallel to foliation. Nowhere, is any part of the 
intrusion, or associated veins, dykes and contact aureole cut by the foliation related to 
detachment faulting. Mica fish from the granodiorite also show evidence for a top-
NE shear sense. The upper levels of the granodiorite have also been incorporated into 
the cataclasite (Fig. 2.42). Hetzel (1995) recognised progressive cataclasis of the 
granodiorite within this zone, which shows development of brittle features that have 
led to grain size reduction. He also recognised striations on the upper surface that are 
sub parallel to the mineral elongation lineation of the cover rocks. The above 
evidence is used to infer that the Salihili granodiorite developed syn-tectonically 
during extensional detachment. Had it been emplaced prior to the onset of extensional 
tectonics in the area it would be expected to have inherited structures from that time. 
If emplacement and intrusion had taken place after extensional detachment, 
progressive deformation would not be expected and cross cutting relationships would 
be observed. Thus movement on the low-angle surface has been constrained by Ar/Ar 
dating of this syn-tectonic granodiorite (Hetzel 1995; Hetzel et al. 1995) which 
provides an age range of 19.5±1.4-12.6±0.4 Ma or Early-Mid Miocene. The older 
age, from an amphibole, is interpreted as the crystallisation or intrusion age, because 
of the high closure temperature for amphibole (Hetzel 1995) and the lower to middle 
greenschist facies conditions in the surrounding cover series rocks during extensional 
deformation. The younger age, from biotite, is interpreted to be a cooling age that 
indicates ductile extension lasted until at least upper Miocene times (Hetzel 1995). 






Figure 2.41: Outcrop of deformed Salihli granodiorite showing strong north dipping 
foliation, with veins parallel to this foliation. 
Figure 2.42: Photomicrograph of cataclasite material from the vicinity of the SaJihli 
granodiorite showing fragmented cataclastic deformation, containing large igneous 
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Sahyar area 
At the easternmost end of the mapped area, in the vicinity of the village of Sahyar 
(Fig. 2.35), the regionally extensive low-angle surface that marks the upper boundary 
of the lower plate (see above), becomes difficult to trace. East of the village of 
Horzumkeserler, a highly-segmented lower plate is seen, dominated by high-angle 
east-and west-trending normal faults (Fig. 2.35). In certain localities, e.g. the village 
of Kara Kirse (Fig. 2.35), the contact between the uppermost part of such a fault 
block, and the overlying sediments can be seen (Fig 2.43). Although heavily 
deformed and weathered it is possible to observe that the contact surface dips gently 
toward the north and is made up of cataclasite. The sediments above are heavily 
deformed and folded due to emplacement against the surface, with a 1-2 metre wide, 
friable gouge horizon separating consolidated sediment from basement. This gouge 
contains, cataclasite, sediments from above and metamorphic clasts from the lower-
plate. Slickensides indicate a NNE sense of movement on the fault plane (Figs. 2.44). 
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Figure 2.43: Field sketch of the contact between sediments and the detachment 
surface, near Karakirse (Fig. 2.35) showing deformed sediments that are bent and sole 
into an indistinct gouge above cataclasite material. 
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Figure 2.44: Stereonet data from the southern margin of the Alasehir Graben. A) 
Equal area stereonet showing foliation data from the lower plate. Points = mineral 
elongation data on these planes. B) High-angle fault planes with limited slickenside 
data as points with C) a contour plot of the high-anhgle faults. 
Upper plate 
The rocks that sit tectonically above the sheared upper surface of the lower plate 
consist of tectonically-emplaced, high-grade, augen gneiss klippen and also the 
sediments that comprise the basin-fill, which also can be seen in tectonic contact with 
the basement lithologies and shear zone, are termed the upper plate. Two klippen 
have been identified within the study area (Hetzel et al. 1995), and these rest 
unconformably on the cataclastically deformed cover rocks (Fig. 2.35). The kiippen, 
themselves are poorly exposed and heavily disturbed; the gneiss consists of coarse 
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quartz, plagioclase, garnet, biotite and rare muscovite. According to Hetzel (1995) 
this mineralogy resembles that of the garnet-bearing gneiss described from the core 
series rocks. The sediments that are seen in contact with the cataclastic upper surface 
of the lower plate are from the lowermost part of the sedimentary succession (Chapter 
4). Two types of sediment are seen, the oldest being a sequence of fine-grained 
laminated lacustrine rocks that exhibit deformation in the form of sheared bands, and 
some asymmetrical folds that verge towards the north (Figs. 2.45). These lacustrine 
rocks are restricted in areal extent and limited to the Sahyar area, in the east of the 
mapped area (Fig. 2.35). Unconformably above these sediments and in direct tectonic 
contact with the lower plate, is a regionally extensive succession of alluvial fan 
conglomerates that that dip at angles up to 600  towards the basement (Figs. 2.35 & 
2.46). Close to the contact, these sediments are brittly deformed and poorly exposed 
due to degradation. Within the steeply dipping conglomerates, normal faults are 
rotated backwards towards the sheared surface of the upper plate. Folding of the 
sediments in close proximity to the lower plate can also be seen, as described above, 
indicating a top-NE shear sense. Later sediments consist of fluvial sandstones and 
gravels, and a second phase of alluvial fan deposits (see Chapter 4). These sediments 
exhibit low dips and unconformably overlie the sediments described above. 
Careful mapping of the later alluvial fan conglomerates, indicates that there are 
approximately 5 separate fan lobes exposed in the upper basin fill (Section 4..1.1). 
Palaeocurrent analysis and this mapping indicates that separate fan lobes are sourced 
from the breaks and depressions within the corrugated detachment surface described 
above (Fig. 2.40). These locations are also the sites of many of the large ephemeral 
streams that now drain the massif. 
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Figure 2.45: Small asymmetrical folds within fine-grained lacustnne sediments, 
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visible (nr. Gokkoy). 
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A significant feature of the upper plate, that also affects the lower plate (see above), is 
the presence of high-angle (40600) north and south-clipping normal faults that have 
dissected and exhumed the sedimentary fill on the southern margin of the graben (Fig. 
2.47). These faults range in size from displacements of a few cm's to those with 
major (100's of metres) dispalcements. The faults trend predominantly E/W to 
NW/SE and rare slickensides indicate a sinistral component to the normal 
displacement (Fig. 2.44). Both syn- and antithetic faults are present, with respect to 
the lower plate shear zone and these have generated sedimentary dips up to 30 °, 
mostly to the south, but locally towards the north (Fig. 2.35). Whilst these faults 
appear to truncate all the sediments and nowhere has sediment been observed to 
overlie a fault, the relative dip of sediments decreases with age and proximity to the 
present day active basin margin. The present-day margin is delineated by the position 
of the last active fault break which occured during the 1969 Alasehir earthquake 
(Eyidogan & Jackson 1985). These authors propose a model for faulting that 
involved normal movement that nucleated at 6-10 km depth with motion on shallow-
dipping faults in the uppermost lower crust, that are downward continuations of the 
steeper faults that break to the surface, and hence are listric shaped (Eyidogan & 
Jackson 1985). The faults themselves dip between 40-70 ° and have a planar profile at 
the surface (on outcrop scale). The largest faults are poorly exposed, but are inferred 
from topographic features and from the juxtaposition of different ages and types of 
sediments (Fig. 2.48). The high angle faults are not restricted to the upper plate and 
are also seen to cross-cut parts of the lower plate as in the eastern domain, near 
Sahyar. Other areas show extensive faulting within the lower plate, creating a 
complex outcrop pattern e.g. near Allahdiyen (Fig. 2.35). 
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Figure 2.48: Normal fault contact between red, conglomerates and later, 2nd-phase 
conglomerates, near Caltilik. Displacement unknown. 
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Northern margin 
A small area (-40 km') was mapped on the northern margin of the Alasehir Graben, 
limited by the extent of good outcrop of structure and sediment (Fig. 2.35). On this 
margin the relief is much less rugged and the structure much less pronounced. The 
metamorphic lithology is dominated by a large expanse of marble which passes into 
schist and quartzite. This margin occurs structurally above the shear zone described 
on the southern margin; all rocks are therefore regarded as part of the upper plate 
with relation to this system. The structure of the basement metamorphics is 
dominated by a moderately dipping foliation inclined towards the south that is sub-
parallel to the upper surface that dips southwards at approximately 10-20° (Figs. 2.49 
& 2.35). Some extensional lineations are visible in the schistose lithologies and these 
dip towards the southwest, with shear indicators showing top-NE sense (Fig. 2.35). 
The upper surface of the metamorphics is very brecciated, with clasts of several cms 
in size appearing to be in-situ. 
Unconformably onlapping these basement rocks are fine-grained lacustrine sandstones 
and siltstones that become interbedded with fan-delta conglomerates, all of which 
show a southward palaeocurrent direction (see Chapter 4). These sediments overlie a 
small (1km2) andesitic lava dome, with no cross-cutting relationships or baked margin 
visible (Fig. 2.35). Some isolated antithetic high-angle faults cut this margin of the 
basin, although these are rare in comparison to the southern margin. In some places, 
where faults have been described as marking the boundary between the metamorphic 
basement and sediment (Cohen et al. 1995), only an erosional contact is observed 
with no evidence for faulting. Similarly no evidence exists for a faulted contact 
between the exhumed sediment and the present day basin floor. It appears as if the 
high-angle faults post-date the sedimentation, with no evidence for syn-tectonic 
deposition. 
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Equalan* Pn*dion.  Ier hemspbrre 
Figure 2.49: Equal-area stereonets from the northern margin of the Alasehir 
Graben. A) Poles to bedding planes with B) contour plot of these points. C) Foliation 



















— + + + + + + + + + + + + + +++ 
000 — ++++++++++++++++ 














of / ,\,,\,\,\. 
I 
, ,_ /_ ,_ ,_ /. /_ 0 / / / / 	/ / 	I.. .. /.. #•.. #•.. / .. 	,_ ,_ #'_.'. ,-',- 
South 
	 NORTH 





Chapter 2: Tectonic evolution 
2.3.2.4 	Interpretation 
The Alasehir Graben has had a complex evolutionairy history. Initial extension has 
taken place on a presently low-angle sheared detachment zone. This is inferred from 
the fact that regional emplacement of unmetamorphosed sedimentary rocks onto high-
grade metaseclimentary rocks of the cover series of the MIMC (after Crittenden et al. 
1980; Malavieille 1993). Klippen of very high-grade augen gneiss that are interpreted 
to be from the core series (Hetzel et al. 1995) have also been emplaced along this 
shear zone. This is interpreted as being the remnants of high grade core lithologies 
that were emplaced into a high level of the MMC during earlier Palaeogene 
compression. Subsequent extension emplaced them onto the detachment surface, and 
their present situation (Hetzel et al. 1995). The extension was initially dominated by 
ductile deformation that produced the shearing, mylonitisation, foliation and pervasive 
extension lineation, that all indicate a top to-NE sense of shear. Cataclastic 
deformation overprint the ductile fabrics in close proximity to the fault surface 
(metres). This is interpreted as representing continued extension during changing 
conditions, during progressive exhumation of the MIMC. The extension direction is 
dominantly NE/SW, with mineral elongtion and striations on the fault plane 
supporting this inference. Extension is also interpreted as having facilitated localised 
granodiorite intrusion into the lower plate along the detachment surface as ductile 
extensional deformation began, dating movement on the fault as early Miocene 
(Hetzel et al. 1995). 
Initial sedimentation was dominated by localised lacustrine and fan delta deposits that 
are interpreted as having developed in the accommodation space generated by the 
initial extension. These were superceeded by coarse alluvial fan conglomerates. 
These sediments are interpreted to be syntectonic (see Chapter 4), and were emplaced 
onto the detachment surface through progressive extension, along listric faults that 
sole into the gently-dipping detachment surface. The listric faults are interpreted to be 
the brittle continuation of low-angle, ductile extension at depth. The detachment 
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surface itself is has a corrugated morphology when viewed parallel to the transport 
direction, with an amplitude of several hundred metres and a wavelength of 5-10 km. 
The fault is not one continuous strand and appears segmented every 4-6 km. Later 
sediments consist of axial-fluvial sediments that have developed as through drainage 
became possible towards the Aegean, towards the west. These sediments 
unconformably overlie the initial syn-tectonic sedimentary fill of the basin. The fluvial 
facies are themselves overlain and interfinger with a second phase of alluvial fan 
conglomerates of which 5 separate lobes can be identified in the study area. Each 
lobe is interpreted as being related and sourced from the breaks and depressions in the 
corrugated detachment fault, from the facies style and palaeo-current directions. All 
of the sediments present are cut by high-angle, planar, E/W trending normal faults that 
are interpreted as being the result of a second period of N/S extension that began 
during or just after the latest phase of fan deposition and is still active at present. 
These faults have rotated and exhumed the basin-fill, with the faults progressively 
stepping towards the basin centre. 
Two models exist to explain the tilting of sediments and associated normal faults 
(Westaway & Kuszmr 1993). In the first model, ridgid fault bounded blocks behave 
like dominoes that rotate around an axis whereby the tilt angle of faults and beds is 
identical (after Jackson 1987). The second model, suggests that vertical simple shear 
must occur to describe observations in natural normal fault systems. Where faults 
have a present low-angle dip (e.g. 15), both models yield identical results (Hetzel 
1995). With a northward dip of 15° for the present detachment fault, and a southward 
dip of 15°  for the basin fill (after Paton 1992, Hetzel 1995), both models yield a dip of 
—300  for the detachment fault. Therefore, both models indicate rotations of the fault 
of —15 0. However these models cannot take into consideration the varied dips present 
within the syn-tectonic basin fill. 
Extension is still continuing today with the last major earthquake having occurred 
near Alasehir in 1969, along the present graben margin (Eyidogan & Jackson 1985). 
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These faults can be seen to offset the detachment surface as well as the sedimentary 
fill and were interpreted through seismological techniques, to be listric in overall 
shape, steep at the surface, then flattening into a weak layer below the brittle/ductile 
transition (Eyidogan & Jackson 1985). The Sahyar area, that was the subject of a 
detailed study (Cohen et al. 1995; Dart et al. 1995) is not typical of the region as no 
part of the detachment surface is well exposed. Instead this region is interpreted to 
represent a deeper structural level to that seen in the west and central parts of the 
study area, with the detachment surface being heavily dissected by later high-angle 
faults, although, the detachment surface and cataclasite zone can be recognised at the 
junctions of the lower plate with the syntectonic sediments above as at Kara Kirse 
(Fig. 2.35). The overall structural pattern can be seen on 3 structural cross-sections 
across the east, west and central parts of the basin (Fig. 2.50). The northern margin 
metamorphic basement lithologies are interpreted as representing the upper-plate or 
hanging-wall after extension on the detachment fault. Some age control is possible 
through the Early-Mid Miocene Ar/Ar dating of the andesitic lava dome exposed on 
this margin and which the upper part of the sediments overlie (Chapter 5). This dome 
and the low-angle hanging-wall dip slope were passively onlapped by the fine-grained 
fluvial/lacustrine and fan-delta deposits that flowed down the slope to the south. This 
margin has been slightly affected by N/S extension related normal faulting. The 
structure of this margin can be seen on the easternmost cross-section in Figure 2.50. 
2.3.2.5 	Discussion 
The evolution of the Alasehir Graben shows many similarities to the development of 
the Gordes and Selendi Basins, further north. Both are dominated by a corrugated, 
large magnitude, low-angle detachment fault that dips towards the NE and have had 
coarse, alluvial fan conglomerates emplaced against the detachment surface. 
Displacement on this surface is interpreted to have taken place in the Early Miocene 
(see Chapter 5). The early deposits are then passively overlain by later sediments, 
with all of the basin fill being cut by a second, distinct phase of E/W trending faults 
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that are high angle at the surface but interpreted to flatten into a lower angle system 
with depth (Fig. 2.50) and are still active today. This contrasts with previous authors 
who have only addressed the second phase history (Cohen et al. 1995; Seyitoglu 
1996) without discussing the importance of the detachment system, or those who 
have examined the detachment and tectono-metamorphic history with little discussion 
of the basin's sedimentary development (e.g. Hetzel et al. 1995). 
What is clear from this study is that the Alasehir Graben developed during the Early 
Miocene as a supra-detachment basin (after Friedmann & Burbank 1995) similar to 
those described in the Basin and Range (Friedmann et al. 1996), and .as such did not 
form a classic half graben such as those described by Leeder and Gawthorpe (1987). 
The graben morphology has developed since the majority of sediments were 
deposited, due to a separate phase of extension that is still active and is likely to have 
some alternative driving mechanism (Purvis & Robertson 1997)(See Chapter 7). 
2.3.3 Low versus high angle origin for the detachment faults 
The initial angles of dip of presently low-angle normal detachment faults, such as 
those described from Gördes/Selendi Alasehir and the Basin and Range (USA) has 
been the subject of much debate and controversy (e.g. Spencer 1984; Wernicke & 
Axen 1988; Buck 1988; Lister & Davis 1989; Axen 1992; Hetzel et al. 1995). This 
has arisen from the lack of large magnitude earthquake events with low-angle normal 
slip planes (Jackson 1987) and the corresponding lack of mechanical probability of 
slip on such faults (after Byerlee 1977). This evidence was thought to indicate that 
these faults were active at high-angles and then subsequently rotated to their present 
attitude (Axen 1982; Buck 1988). The high cooling rates of the lower crustal rocks 
also appears to contradict the model that allows the exhumation of mid-crustal rocks 
along active low-angle faults (Hetzel 1995). Authors such as Buck (1988) have 
produced numerical models to explain these observations in which footwall uplift, 
driven by isostatic forces, of a initial steep normal fault plain causes rotation of the 
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fault into a subhorizontal attitude by internal deformation of the surrounding 
lithologies. 
Although authors such as Reynolds & Lister (1990) have demonstrated that some 
low-angle detachment faults are the result of flexural upwarping due to isostatic 
rebound during tectonic denudation, there is increasing evidence within the recent 
literature for the argument that normal faults were active at low-angles in extending 
continental terrains. Seismic evidence for earthquakes on low-angle fault planes has 
been published from a region close to a metamorphic core complex in Papau New 
Guinea (Abers 1991).ODP Leg 180 also drilled a relatively low-angle, active, 
extensional fault zone on the northern flank of the Moresby seamount east of Papau 
New Guinea (A. H. F. Robertson pers. comm. 1998). Livaccari et al. (1993, 1995) 
have used palaeomagnetic data from the core complex of the South Mountains, 
Arizona, to prove that the detachment fault there was active as a low-angle 
extensional structure with a dip of —10 0. Similarly, Lawrence and Karson (1996) used 
palaeomagnetic methods to constrain low-angle normal faulting in serpentinites on the 
Mid-Atlantic Ridge (23N), indicating that there had been no significant tectonic 
rotation of the structures. 
The paradox of slip on low-angle normal faults under low resolved shear stress has 
been explained by Axen (1992) as being related to elevated pore-fluid pressure. Also, 
it has been suggested (Hetzel 1995) that the high cooling rates in some core 
complexes may result from cooling after periods of syntectonic magmatism and not 
due to rapid exhumation (Lister & Baldwin 1993). 
In the Alashir/GOrdes/Selendi regions, the parallel nature of ductile and brittle fabrics 
with identical shear sense demonstrates that the kinematic situation during exhumation 
remained constant and the detachment faults are regarded as being the upward 
continuation of extensional shear zones, but with the ductile fabrics forming at deeper 
crustal levels and then becoming overprinted by brittle structures during exhumation 
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(Verge 1993; Hetzel 1995). The dip of the sediments above the detachment fault has 
been used as evidence to indicate minor rotations (<150) of the fault system in 
Alasehir, but this has been done without a detailed understanding of the sedimentary 
evolution of the basin, where we recognise much steeper dips for the syn-tectonic 
element of the basin fill from all the basins studied (Purvis & Robertson 1998). In 
addition to this, the sediments that are in tectonic contact with the detachment fault 
are heavily deformed which is interpreted as being due to movement on this surface, 
with gouge present that contains both sediments and cataclastic material from the 
detachment surface. The pattern of dips of sediments within the Alasehir Graben is 
complex varying in amount along the basin (Chapter 4), and also affected by later 
high-angle normal faulting which makes accurate conclusions concerning the exact 
amount of rotation impossible. The minimum rotation of faults deduced from 
sedimentary dips would be —15 °. 
Evidence for high pore-fluid pressures during deformation in the Alasehir Graben has 
been cited by Hetzel (1995), such as the abundance of fine grained chlorite, in the 
cataclasite matrix and microscopic veins filled with quartz, calcite and chlorite (Stel 
1981) along with the absence of pseudo-tachylite which all indicate high fluid 
pressure. The lack of a northward increase in metamorphic grade in any of the lower 
plate lithologies, in the three areas, is also evidence for lack of rotation (Hetzel et al. 
1995). If an originally much steeper northward dip for these regionally extensive 
detachment surfaces is assumed then the metamorphic grade should be seen to 
increase down dip, but this is the exact opposite of what is observed (Verge 1993; 
Hetzel 1995). Finally, some of the most persuasive evidence for a low angle origin 
for the detachment faults exposed in this part of Turkey is from seismological 
evidence from recent earthquakes in the region such as the 1969 Alasehir earthquake 
(Byidogan & Jackson 1985). This earthquake and its surface break is taken as 
marking the present boundary of the Alasehir Graben, and it gave a fault plane 
solution of 32° from 6 km depth, with two other events at lower angles, at much 
greater depths. This has been interpreted as the result of a large scale listric fault that 
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flattens at depth, into a detachment surface, thus indicating that low angle faults are 
active in this part of Turkey. Similar scenarios of steeper normal faults that sole into 
gently dipping detachment faults has been described from other extensional regions, 
e.g. metamorphic core complexes of western USA (Lister & Davis 1989, Lucchitta & 
Suneson 1993), the Alps (Froitzheim & Eberli 1990), and the Cyclades (Gautier et al. 
1993). 
2.3.4 An integrated model for the Neogene tectonic evolution of the northern 
Menderes metamorphic complex (MMC) 
This section aims to present a regional model for the tectonic development of the 
northern Menderes Massif. The tectonic regime of the Menderes Massif appears to 
have changed during the latest Oligocene-earliest Miocene, from one of compression 
to extension (Seyitoglu et al. 1992). Initial extension appears to have taken place in 
this region around the present day site of the Gördes and Selendi Basins on a large, 
NE dipping; low-angle, corrugated detachment surface that was active at moderately 
low angles and generated the change in conditions from ductile to brittle deformation 
through progressive exhumation of the complex. The morphology of this surface has 
led to the formation of numerous spoon-shaped depressions and culminations that 
trend NE/SW trending and have produced natural traps for sediment (Fig. 2.51). 
Initial sediments are interpreted as syntectonic alluvial fans that were deposited during 
extension and exhumation and then tectonically emplaced onto the detachment surface 
through continued extension and displacement on listric faults that flattened into the 
detachment surface. Along with the sediments, tectonic riders of ophiolite mélange 
were also emplaced onto this detachment surface, that are correlated with units 
derrived from the Izmir-Ankara suture zone (Seyitoglu et al. 1992). Metamorphic 
rocks that comprise the upper plate are no longer visible in this region, indicating that 
northward displacement on this fault must have been very high (-100 km) to enable 
the upper plate to be completely removed. Movement on this detachment surface 
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must have ceased during the Early Miocene, when post-rift sediments were deposited 
unconformably above the earlier material and also onlapped the unroofed basement 
and detachment surface. These sediments are Early Miocene in age and are 
constrained by radiometric age dates from cross-cutting igneous intrusives and 
stratigraphically significant tuffaceous horizons (Chapter 5). Later, 2nd phase, high-
angle, E/W trending normal faults, that are the result of renewed N/S extension, 
cross-cut all of the basin fill and the lower plate/detachment surface, with continued 
faulting and extension occurring today (e.g. 1970 Gediz earthquake; Eyidogan & 
Jackson 1985). 
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Figure 2.51: 3-d schematic diagram of a spoon shaped depocentre, produced on a 
corrugated detachment surface, after Serrane et al. 1989. 
A similar pattern is recognised in the Alasehir region, some 20km to the south, with 
initial NE/SW extension taking place on a low-angle, north-dipping detachment that 
was active between (30-15°) and responsible for exhuming this part of the MMC 
through ductile to brittle conditions. Continued extension on this system emplaced 
syn-tectonic alluvial fan conglomerates at high angles and augen gneiss klippen, on 
listric faults that flattened into the low-angle detachment fault. The detachment 
surface is also corrugated, but also appears to be segmented on a scale of 4-6 km. 
Displacement on this detachment fault is regarded as being much less than that on the 
more northerly detachment surface, with upper plate, or 'hanging wall', metamorphic 
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lithologies of the MMC being still present, creating the northern margin to the basin 
and indicating a displacement of around 10-20km (Fig. 2.50). The timing of 
movement on this detachment is poorly constrained, although Ar/Ar dates from the 
syn-tectonic Salihli granodiorite indicate that the fault was active during the Early-
Mid Miocene, and the uppermost levels of sediment on the northern margin onlap an 
andesitic lava' dome that is also Early-Mid Miocene in age (Chapter 5). Thus it 
appears that the Alasehir Graben developed during the Early/Middle Miocene, making 
it slightly younger that the GOrdes and Selendi Basins to the north, (see Chapter 5 and 
Chapter 7). This is at odds with the interpretation that these basins developed 
syncronously in the Early Miocene (Seyitoglu 1996, 1997). 
Both regions are cut by later, second phase, high-angle faults that are still active 
today, indicating active N/S extension. These faults are planar at the surface, but are 
interpreted to be listric and flatten below 6-10 km. Therefore it appears that extension 
is currently active in the same style as that of the Early-Mid Miocene, but a separate 
phase and possibly driven by a different mechanism (Chapter 7). 
2.3.5 Comparisons 
This section aims to compare the structure seen in West Turkey with those from 
similar situations all around the world. 
2.3.5.1 	Aegean examples 
Within the Aegean there are a number of examples of similar structures to those 
described from the northerm part of the MMC in this study. It is important to 
consider the southern margin of the MMC, and the corresponding E/W trending 
basin, the Buyuk-Menderes Graben (Fig 2.1). Bozkurt & Park (1997), consider this 
margin to involve crustal scale extension on a moderately south-dipping, ductile shear 
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surface that took place between 24.2±0.8 and 21±0.4 Ma. Structures within this 
shear zone indicate a consistent top to SW sense of shear (Bozkurt & Park 1994), 
with a cumulative displacement of at least 17 km. Hetzel et at. (1995b) have 
suggested that the Menderes Massif underwent symmetrical collapse along two shear 
zones, one in the north at Alasehir (described in this chapter) and the other on the 
southern margin of the massif. The BUyuk-Menderes Graben, on the southern half of 
the MMC is proposed to be bounded on its northern margin, by a southward dipping 
extensional detachment fault (Emre & SOzbilir 1997), although no conclusive 
evidence of this structure was observed by this author during reconnaisance fieldwork 
within the graben. Only high-angle, southward dipping normal faults were observed, 
creating a very dissected outcrop pattern. Westaway (1998) has examined the 
relationship between active normal fault dips and lower crustal flow regimes. Whilst 
recognising, that normal faults can form at sub-horizontal dips if horizontal flow in the 
plastic lower crust is in the right sense, he also applied this theory to the controversial 
question of low-angle normal faulting in the Aegean. He has suggested that lower 
crustal flow in the region was towards the NE, driven by subduction, roll-back and 
partial melting which would facilitate the growth of gently dipping, normal faults 
towards the NE as observed in the field in the northern Menderes massif. The 
detachment faults dipping towards the south, described by Hetzel et at (1995b) and 
Bozkurt and Park (1994) cannot be explained using this model. 
Within the Attic-Cycladic crystalline complex, of the central Aegean and a westward 
continuation of the Menderes massif (Dixon & Robertson 1984), and in particular the 
island of Mykonos, the geometry of structural features and relationships suggest that 
ductile extension and extensional detachment faulting took place in the Late Miocene 
(Lee & Lister 1992). This detachment surface is shallow-dipping towards the NE, 
defined by a shallow-dipping mylonitic foliation, NE/SW trending mineral lineation 
and a top-NE sense of shear. These structures are very similar to those observed in 
the northern MMC and fit the model proposed by Westaway (1998), although differ 
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in that extension is asymmetrical, unlike the bivergent extension proposed for west 
Turkey (Hetzel et al. 1995b). 
In north-eastern Greece, the Strymon Valley detachment system is interpreted as 
being a low angle detachment/metamorphic core complex, and thus similar to the 
MMC (Dinter & Royden 1993). This detachment system is interpreted to have 
accommodated at least 25km of extension since the Early Miocene (Dinter & Royden 
1993). The primary detachment system comprises a SW-dipping, low-angle normal 
fault that is reponsible for the unroofing and exhumation of the Rhodope Massif core 
complex. Movement on this system is thought to have ceased with the development 
of high-angle listric faulting and the development of the Strymon and Drama Basins 
(Dinter & Royden 1993) in the Late Pliocene. In plan view the Strymon Valley 
detachment fault has a corrugated pattern with a wavelenth of 35km and amplitudes 
up to 1km. Also, smaller scale corrugations are also common and in all of these 
respects shows exact similarities with the structures observed, morphology, timing 
and style of deformation. The present system is thought to be subsiding above an 
active NE dipping detachment zone (Dinter & Royden 1993). 
2.3.5.2 	Worldwide examples 
The Devonian basins of NW Norway are cited as basins developed on top of 
extensional detachments (Seranne et al. 1989; Seguret et al. 1989). These basins 
were formed by reactivation of former Caladonian thrusts, as low-angle normal faults. 
Large thicknesses of syn-tectonic sediments accumulated on these surfaces. The 
morphology of the detachment surfaces is similar to that of the Gordes/Selendi basins 
with an essentially spoon-shaped corrugated surface that has a wavelength of up to 
50km when viewed parallel to transport direction. Also, the basement of the basins 
share many common characteristics. There is evidence for ductile westward shearing 
related to initial extension in the Norwegian examples, that became overprinted by 
brittle micro-structures due to late-stage extensional evolution and sedimentary 
deposition. All of these fabrics are visible within the Turkish examples cited in this 
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chapter. Where the Devonian basins differ is that they don't exhibit late-stage, high-
angle normal faults cutting the basin fill, with extension appearing to be a single phase 
event on the detachment surface unlike the 2 phase system we see in west Turkey. 
Much of the literature concerning the development of low-angle detachment faults, 
metamorphic core complexes and the supra-detachment basins that form above them 
is from the Basin and Range province of western USA (e.g. Hamilton 1987, Davis & 
Lister 1988). This region has experienced a complex Neogene structural history, 
similar to that of the Aegean and west Turkey. SWINE extension in the mid-Tertiary 
was accommodated on large low-angle normal fault systems or detachments that 
resulted in the formation of the core complexes (Coney 1980). Later extension in the 
late Tertiary to Quaternary was accommodated by N/S trending high-angle normal 
faults which form the elongate, fault-bounded mountain ranges separated by flat, open 
plains that characterise the region. The morphology and style of detachment seen in 
places such as Shadow Valley, eastern Mojave Desert, California show the same style 
of faulting and related corrugation at a similar scale to the basins seen in this study 
(Friedmann et al. 1996). Fowler et al. (1995), also recognise a two-phase history for 
this region, in which they associate the first phase with detachment faulting and the 
second with deformation of the upper plate due to footwall uplift. John (1987) has 
recognised huge corrugations on Tertiary low-angle normal faults from the 
Chemehuevi Mountains from the Colorado extensional corridor that are reminiscent 
of the structures described in this study, and the origin of these structures is discussed 
by Spencer (1984), in which he states that movement on these low-angle normal faults 
results in isostatic uplift of the lower plate in response to tectonic denudation. This 
process is interpreted to cause the lower plate to warp into a broad antiform-syncline 
pair with the axis perpendicular to the direction of extension. Spencer (1984) 
speculated that the amount of warping is strongly influenced by the initial fault 
geometry, topography and the amount and distribution of extension. Fedo and Miller 
(1992) also recognise many characteristics within the Crestview Wash Basin, 
California, that are also seen in this study. They recognise a polyphase evolutionary 
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history, but recognise a phase of block rotation and high angle normal faulting that 
disrupts the upper plate and is caused by the accommodation of extension from the 
detachment fault. 
2.4 	Conclusions 
• Large scale NEISW directed crustal extension took place on the northern margin 
of the Menderes metamorphic complex during the Late Oligocene to Early 
Miocene on large scale NE dipping detachment faults. 
• Two large detachment systems are recognised in the study area; one in the vicinity 
of the GördeslSelendi basins in the north, and the other bounding the Alasehir 
Graben, to the south. Both faults are large, regionally extensive and have a 
present low-angle attitude (<200).  The fault planes themselves exhibit large scale 
synformal and antiformal corrugations, which in the northern part of the study 
area have a wavelength of 20-301cm and an amplitude of 1-2 kin, viewed parallel 
to transport direction. The undulations are less marked in the Alasehir region with 
a wavelength of 4-5km and some segmentation of the fault visible. 
. The detachment faults are characterised by intensely sheared lithologies that have 
a mylonitic fabric, and ductile mineral elongation structures and sheared grains. 
Shear sense indicators all show a top-NE fabric which, in addition to the mineral 
elongation directions, show a NE/SW extension direction. These structures are 
overprinted by brittle deformation in the form of cataclasite development in the 
uppermost part of the lower plate (rocks beneath the detachment surface). 
• In the Gördes & Selendi basins, in tectonic contact with the high-grade 
metamorphic lithologies of the lower plate are numerous tectonic riders of heavily 
sheared ophiolitic mélange debris that are correlated with the Izmir-Ankara suture 
zone. The large-scale development of corrugations has resulted in numerous 
NE/SW elongate depocentres; two of these depocentres are the Gördes and 
Selendi Basins. Syntectonic sediments in the Gördes and Selendi Basins are also in 
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infered tetonic contact with the detachment surface at high angles (600)  and were 
emplaced through continued extension on the detachment surface. 
Later sediments are interpreted as being post-tectonic, onlapping the gently 
dipping corrugated basin margins. The whole of the sedimentary fill and the 
lower plate rocks are cross cut by a series of high-angle normal faults that post-
date deposition and offset the detachment surface. The age of extension and 
basin evolution in the northern area is limited to the Early Miocene from 
radiometric data (Chapter 5). 
• The Alasehir Graben has klippen of augen gneiss that are in tectonic contact with 
the detachment surface. Syntectomc sediments are also in tectonic contact with 
the lower plate and show localised deformation at the contact and dips that range 
up to 60°. Some rotation of the fault is inferred from sediment dips, but this is 
only slight (<15°), with the likely active attitude of the fault being less than 30 °. 
• Syntectonic granodiorite intrusions constrain movement on the detachment fault 
and the age of related sediments as being Early-Mid Miocene. Later sediments 
are interpreted as post-dating movement on the detachment fault. Segmentation 
of the detachment surface and the related breaks appear to be responsible for 
point sourcing later alluvial fan lobes and the control on present-day drainage. 
• Metamorphic rocks of the upper plate are present on the northern margin of the 
Alasehir Graben suggesting less, total extension than in the Gördes/Selendi 
Basins where no remnants of upper plate MMC lithologies are present. The 
northern margin of the Alasehir Graben is dominated by a low-angle south 
dipping hanging wall slope of upper plate metamorphics. Sediments have been 
sourced into the basin from the north towards the south, down this slope and 
passively onlap the metamorphic lithologies. 
• Both margins of the Alasehir Graben are cut by E/W trending normal faults that 
post-date the sedimentation and have created the classic E/W morphology. These 
faults are most prevelant on the southern margin but are limited on the northen 
margin creating a strong asymmetry to the basin. The timing of initiation of this 
second phase of normal faulting and N/S extension is poorly constrained, but is 
93 
Chapter 2: Tectonic evolution 
still active today. Whilst appearing planar at the surface, earthquake solutions 
suggest that these faults have a listric shape,with a dip of _30 0  at 6 km depth, 
flattening at depths of more than 10 km. 
• Thus, it appears that the northern margin of the Menderes Massif is dominated by 
NE dipping, low-angle normal detachment faults that are active below 30 0. J 
both the' Gördes/Selendi regions and the Alasehir domain this extension has a 
discrete 2 phase history with differences in expression being due to the present 
crustal level of events. It also appears that NE/SW directed extehsion began 
initially in the Late Oligocene-Early Miocene in the northern area, with onset of 
extension in the Alasehir region taking place slightly later. 
• The morphologies, timing and structures observed here are very similar to those 
quoted in the literature for other metamorphic core complexes, notably the Basin 
and Range, western USA. 
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Chapter 3 
SEDIMENTOLOGICAL EVOLUTION OF THE GORDES AND SELENDI 
BASINS 
In western Turkey, on the northern margin of the Menderes Metamorphic Complex 
(MIMC) (Fig. 3. 1), there are several N/S trending sedimentary basins that appear to be 
perpendicular to the E/W trending Alasehir Graben and Buyuk-Menderes Graben 
further south (Fig. 3.1). These NE/SW trending basins have been extensively studied 
with regard to their sedimentological and stratigraphic evolution (e.g, Nerbert 1961; 
Yagmurlu 1984; Seyitoglu 1992, 1997). Whilst a detailed stratigraphic database now 
exists, little structural information and interpretation have been published. This 
chapter aims to present new data and interpretation, and develop an evolutionary 
tectono-sedimentary model of two of these basins, the Gördes and Selendi Basins 
(see Fig 3.1). This model will be placed into a regional framework with information 
gathered from the structural evolution of the region (Chapter 2), the sedimentological 
evolution of the Alasehir Graben (Chapters 4) and with new stratigraphicaly 
significant radiometric age dates from the region (Chapter 5), in Chapter 7. 
3.1 	Regional tectonic setting 
Widespread development of Neogene-recent extensional sedimentary basins bounded 
by normal faults, can be seen around the MMC (Fig 3.1) (Seyitoglu 1992; Price & 
Scott 1989; Seyitoglu & Scott 1991; Görur et al. 1995; Purvis & Robertson 1997). 
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The origin of these basins is the subject of much debate and has been ascribed to 
more than one cause. Early Miocene basins have been interpreted by Sengor et al. 
(1985), Sengor (1987) and Görür et al. (1995), to be related to Palaeogene N/S 
compression resulting from the closure of the Neotethys, and subsequent E/W 
extension that has produced basins that show vague similarity to the 'Tibetan-style' 
graben as described by Tapponier et al. (1981). Younger basins (Tortonian-recent) 
have been interpreted by Sengor et al. (1985) to be a result of N/S extensional regime 
related to the westward 'Tectonic Escape' of the Anatolian Plate. This was driven by 
the collision of Arabia and Eurasia in East Turkey across the Bitlis suture zone in the 
mid-late Miocene. In contrast Seyitoglu and Scott (1991) argue that N/S extensional 
tectonics commenced in the Late Oligocene-Early Miocene and was related to the 
stretching and thinning of thickened crust, immediately after compression had ceased 
following the collision of the Menderes-Tauride block wih Eurasia, due to the 
thickness and thermal state of the crust at that time i.e. 'orogenic collapse' basins. 
Accurate mapping of sediments (described in this chapter) within the basins allows a 
sedimentary model to be generated which can be then be integrated with the 
structural evolution of the region (Chapter 2) to produce a new regional synthesis 
which will allow deductions to be made concerning timing and mode of formation 
(Chapter 7). 
The geomorphological setting of the hinterland of the Gördes and Selendi Basins is 
very similar. Both basins are situated within a topographically low plateau with 
rolling hills, that sits approximately 600 metres above sea level. Thus, the 
depressions that mark the basin depocentres are surrounded by a spatially limited, 
gentle hinterland that has little topographic variation. This is in direct contrast to the 
Alasehir Graben, to the south (Fig 3. 1), where the basin floor is situated 150 metres 
above sea level, and which has a very rugged and extensive hinterland on its southern 
margin, with peaks in excess of 2000 metres. 
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Figure 3.1: Map of west Turkey showing the location of selected Neogene 
extensional basins and the Menderes massif, with the Gördes and Selendi Basins 
marked. 
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3.2 	Existing stratigraphic framework 
This section aims to summarise the previous published work available on the 
sedimentological evolution of both the Gordes and Selendi Basins. 
3.2.1 Gördes Basin 
The Gördes basin is located on the northern margin of the MMC, some 15km to the 
north of the Alasehir Graben (Fig 3.1). The first major study concerning the evolution 
of the basin was completed by Nerbert (1961), who discussed the stratigraphy of the 
basin fill and divided it into two units (lower and upper), with an estimated thickness 
of 3000 metres. He stated that the lower unit comprised conglomerates and coarse-
to medium-grained sandstones which fine up into marls. Using plant fossils Nerbert 
(1961) proposed an Early/Mid Miocene age for this unit. The upper unit was 
described as lying unconformably above the lower unit, with a basal conglomerate 
passing upwards into alternations of tuff, marl and silicified limestone with a 
suggested Pliocene age. 
Yagmurlu (1984) examined the NW portion of the basin in the context of a study into 
the economic geology of lignites from the vicinity of Akhisar. From this area he 
described an Early Miocene age unit of alluvial fan deposits (Gocek Formation), 
unconformably overlain by a fluvial sequence (Yemkoy Formation) that was dated as 
Mid-Miocene. These deposits are conformably overlain by lacustrine sediments of the 
Kuçukderbent Formation which are in turn, unconformably overlain by tuffaceous 
sediments of the Karaboldere Formation. Yagmurlu (1984) suggested a total 
thickness of 1700 metres for the basin fill. Lignites from the Kuçukderbent Formation 
were shown by Akgin & Akyol (1987) to have Mid-Late Miocene pollen assemblages. 
This contrasts with the Early Miocene age of the same lignites proposed by Benda & 
Meulenkamp (1979) that is in agreement with radiometric age control (Seyitoglu 
1992). 
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More recently, extensive mapping of sedimentary rocks and dating was undertaken by 
Seyitoglu (1992) and Seyitoglu and Scott (1993); who suggest that the Gördes basin 
fill consists of an Early Miocene succession, ca. 1000 metres thick. They divided the 
succession into three formations (Figs. 3.2 & 3.3), the Dagdere, Tepekoy and 
Kuslukoy formations, all of which are cross-cut by igneous intrusive bodies. The 
Dagdere formation is described as consists of conglomerates and lacustrine deposits; 
the Tepekoy Formation consisting of conglomerates and fluvial sandstones; and the 
Kuslukoy Formation comprising tuffaceous sediments. Seyitoglu (1992) and 
Seyitoglu and Scott (1991) dated these sediments as Early Miocene (24.2-16.0 Ma), 
using K/Ar whole rock analysis from rhyo-dacitic igneous intrusions that cut the 
sedimentary fill in the centre of the basin, and some sporomorph assemblages. They 
also interpret the basin to have a north dipping floor, after palaeocurrent analysis of 
imbricate pebble directions and cross bedding. Seyitoglu and Scott (1991) interpret 
the basin to be bounded on the NW and SE margins by steep dipping normal faults. 
No detailed structural interpretations are to be found within the literature and many of 
the basement bounding normal faults are only inferred after Helvaci (1990). The 
stratigraphy of these studies is summarised in Fig. 3.2. 
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Figure 3.2: Schematic stratigraphic summary of previous workers interpretations 
from the Gördes Basins 
Authors Summary of conclusions 
Nerbert (1961) 2 sedimentary units; total thickness of 3000 metres. 	Lower unit comprises conglomerates and 
sandstones fining into mans. Early to Mid Miocene age. The upper unit is lying unconformably over 
the lower with conglomerate, passing into tuff, marls and limestone; Pliocene in age. 
Yagmurlu (1984) Examined the NW part of the basin; focused on lignites. Early Miocene alluvial fan formation 
(Göcek) unconformably overlain by fluvial Mid-Miocene Yenikoy Fm. These sediments are 
conformably overlain by lacustrine sediments of the Kuçukderbent Fm. In turn were conformably 
overlain by tuffs of the Karãboldere Fm. Total thickness - 1700m. 
Akgin & Akyol (1987) 	 . Dated sporomorphs within lignites from the basin fill as Mid-Late Miocene. 
Helvaci (1990) Basin bounded by east- and west-steep-dipping, NE/SW trending normal faults. 
Seyitoglu (1992) Basin fill is Early Miocene age and 1000 metres thick. 	Three formations (see Fig. 3.2) cut by 
Seyitoglu & Scott (1994) igneous intrusives. Dagdere Fm. consist of conglomerates and lacustrine facies; Tepekoy Fm. 
conglomerates and fluvial sandstones; Kuslukkoy Fm. tuffaceous sediments. Age based on K/Ar 
ages of the igneous bodies and some sporomorph assemblage. 
Figure 3.3: Table summarising previous author's work on the sedimentology of the Gördes Basin 
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3.2.2 Selendi Basin 
The Selendi Basin lies some 20km to the NE of the Alasehir Graben, and 
approximately perpendicular to the E/W trending basins (Fig 3.1). The attitude of the 
Selendi Basin is parallel to the GOrdes Basin to the west, and also to the Demirci 
Basin which lies between the two (Fig. 3.1). 
Initial work within the Selendi Basin was conducted by Ercan et al. (1978, 1983) who 
divided the basin fill into two groups and one formation. The basal unit, termed the 
Hacibekir Group. is made up of alluvial fan conglomerates and fluvio-lacustrine 
sediments with a proposed age of Early? to Late Miocene, based on ostracods, pollen 
and plant fossils. Ercan et al. (1978, 1983) describe the may Group as unconformably 
overlying this basal unit and consisting of lacustrine and scree deposits. They propose 
an Early to Late Pliocene age for this group based on bivalves, gastropods and some 
vertebrate fossils. Ercan et al. also describe a Quaternary unit, the Asartepe 
Formation which consists of fluvial deposits. Five separate phases of volcanic activity 
were described throughout the stratigraphy with the youngest, Quaternary Kula 
Volcanics, dated as 1.1Ma to 30Ka (Bunbury et al. 1991). 
Recently, Seyitoglu (1997) has re-examined the stratigraphy of the basin and 
published K/Ar dates for the early phases of volcanic activity that cross cut the basin 
fill. Seyitoglu (1997) follows the stratigraphy of Ercan et al. (1978, 1983) and dates 
the Hacibekir Group as Early Miocene (20-18.9 Ma) and the may Group as Early to 
Mid Miocene (>14.0 Ma). Seyitoglu (1997) concludes that the Selendi Basin formed 
synchronously with both the Gördes Basin and Alasehir Graben. Seyitoglu (1997) 
also classifies the majority of the basin fill as being syn-extensional, related to east and 
west dipping, high-angle normal faults that he suggests mark the basins boundary with 
the MMC. 
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3.3 	Facies description and sedimentological evolution 
In this section a series of facies associations that describe large scale depositional 
environments for each basin, will be used to describe the sediments, each containing 
various individual facies types. This method has been chose to produce a gross-scale 
picture of the basins development within a regional framework.the sedimentological 
evolution of both basins will be described in terms of facies development over time. A 
comparison between the two basins will then be made. 
3.3.1 Gördes Basin 
Two months field mapping of the sediments of the GOrdes Basin and the surrounding 
basement and igneous rocks of the MMC was undertaken during summer 1996 and 
1997. This included mapping at 1:25000 and 1:100 000 scale of key areas within the 
basin and palaeocurrent measurement and logging of sedimentary successions, to 
determine the character and provenance of the different sediments. For further details 
see Chapter 1, Section 1.5. On the basis of this work, this study has determined 3 
main sedimentary facies associations within the basin. These are (Fig. 3.4): 
. Coarse poorly sorted conglomeratic sediments 
. Channelised and cross bedded sandstones and conglomerates 
• Fine-grained laminated silt/sandstones with interbedded tuffaceous horizons 
These will be described generally, and at key localities, and then interpreted in turn 
before a unifying picture of sedimentation is presented. The general characteristics of 
each association are summarised in Figures 3.5 & 3.10. First, the central igneous 
complex will be described, due to its critical relationships with the basin fill. The 
basement lithologies are described in Chapter 2. 
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B) 
Quaternary volcanics and 
High angle faulting- ' 	 I 	S 	I sediment 
rift phasc2  
Lacustrixte fades with interbedded 
- siliciclastic ate fall tuffs 
Acidic intrusives 
(19-13 Ma) 
Aluuvial plain facia 
200 
metres 
/ Coarse alluvial fan conglomerate facies 
1,ow angle detachment 
Oslulitic melange (tectonic rider)  
faulting - rift phase I 
Basement of MMC ______ 
Figure 3.4: Schematic summary of the stratigraphic relationships determined in this 
study for the Gördes Basin. 
3.3.1.1 Central igneous complex 
A major feature of the Gördes Basin is the presence of a large intrusive igneous 
complex in the centre of the basin (Figs 3.4 & 3.6). The complex consists of Early 
Miocene rhyo-dacitic intrusive bodies that cross cut the basin fill (Figs. 3.7 & 
3.4)(Seyitoglu 1992). As these are dated by radiometric K/Ar they allow contol on the 
age of the basin fill (Seyitoglu et al. 1992). The petrology of the rocks consists of 
large, euhedral phenocrysts of strongly-zoned plagioclase, with quartz, some biotite 
and amphibole (Figure 3.8). These are set in a fine grained plagioclase rich 
groundmass and are described by Ercan (1983) as being caic-alkaline dacites, rhyo-
dacites and rhyolites. 
103 
Facies Asssociation Thickness Lithology Colour Basal Stratigraphy Sedimentary Structures Other features 
(Metres)  
Coarse poorly sorted 200 Coarse Red/brown - Menderes massif Clast imbrication, trough- Some organic rich 
conglomeratic facies conglomerate grey metainorphics & rhyo-dacite cross-stratification in layers. Well 
intrusives finer horizons lithified, steep 
dipping 
Channelised and cross 500+ Sandstone 	& Yellow-grey to Menderes massif Erosive-based channels, Lignite horizons. 
bedded sandstones and conglomerates brown metamorphics & coarse general fining upwards. Some iron cements. 
conglomerates poorly sorted conglomeratic Trough- and low angle Moderate 
facies cross-stratification induration 
Fine-grained 300 Sandstonelsiltstone Pale grey to Channelised and cross- Planar laminations, Palaosol/lignite 
laminated /mudstone to marl, white bedded sandstones and mudcracks, ripples development. 
silt/sandstones with Silicic air fall tuffs conglomerates. Menderes Freshwater fauna 
interbedded tuffaceous massif metamorphics 
horizons 
Figure 3.5: Table with a summary of the main features of the associations of sediments determined in this study 
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Acidic Intrusives 	 ...' Dip of foliationllineation plunge 
—: Lacustrine/tuff facies 	 -'. 	 Dip of bedding 
Alluvial plain facies 	 Palaeo-current direction 
Alluvial fan facies 	 __________ Detachment fault 
Ophiolitic Melange 	 __IIL. Normal fault 
Menderes metamorphic lithologies • 	Village 
Figure 3.6: Geological map of the Gordes Basin, showing the spatial distribution 
of sedimentary facies associations. Letters a-g refer to logged sites; a) Kirinkisla, b) 
Karagaaç, c) Tupulcer, d) Daglara-Damlara, e) Tepekoy, f) Eski Gordes, g) Gumesli. 
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Figure 3.7: 	View looking NE of part of the central 	; ;. ..........- . . the 
basin fill, taken from the village of Karagaaç. 
Figure 3.8: Photomicrograph of rhyo-dacitic igneous material from the central 
volcanic complex of the Gördes basin showing zoned plagioclase, amphibole and 
biotite phenocrysts (XPL x 20 magnification). 
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The age of the igneous complex and its implication for the age of the sedimentary 
succession will be discussed more fully in Chapter 5 and the geochemistry of the 
igneous material in Chapter 6. One possible result of the intrusion of the complex is 
that deformation of much of the sedimentary succession has taken place, produced 
folds and complicated dip patterns where these would not be expected (Chapter 2). 
3.3.1.2 	Coarse, poorly-sorted conglomerate sediment 
Closely associated with the central igneous complex described in the preceeding 
section is a formation of poorly exposed, formation of coarse, poorly sorted 
conglomerates (see Figs. 3.4, 3.5 & 3.6).. These deposits have a minimum total 
thickness of at least 200 metres. The beds themselves have steep and often varied dips 
(20 to 900)  that show no consistent direction. The lowermost horizon (up to 20 
metres thick) comprises a breccia that is solely made up from angular marble clasts, in 
calcite cement, (Fig. 3.6). This gives way upwards into very poorly sorted material 
that contains clasts that range from mm to metre sized blocks in a matrix that varies 
rapidly from coarse sandstone to mudstone. Clast type is dominated by blocks of 
schist, quartzite, marble and gneiss. Locally, clasts of ophiolitic related lithologies i.e. 
peridotite, basalt, recrystalised limestone and chert, are present along with numerous 
lenses of lignite and plant fragments. Clasts range from angular to sub-rounded and 
some of the larger clasts show fracturing. The sediment itself becomes strongly 
reddened, dominated by a red mudstone matrix, although areas such as the marble 
rich horizons are pale grey colour. The facies is not seen in contact with any 
underlying material, apart from where cut by igneous material from the central 
complex (see below), but its stratigraphic relations define it as the oldest sediment 
exposed in the basin. Large scale sedimentary structures vary with clasts arranged in 
beds up to 3 or 4 metres in thickness ranging from blocks/cobbles that have no 
preferred orientation to gravel-sized (1-8cm) clasts that are strongly imbricated with 
palaeocurrent orientations showing a general northwards flow (Figs. 3.6 & 3.10). 
Finer-grained horizons of sandstone and fine gravels (<1cm) exhibit planar to trough 
cross-stratification. The sediment in general is moderately to well-lithified. Measured 
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successions were logged illustrating the variety in the unit and these are described 











Figure 3.9: 	Outcrop of angular breia, comprising poorly-sorted, CoafsC lasLs 01 
marble, strongly cemented in calcite. 
Kirinkisla Succession 
A well exposed succession was logged near to the village of Kirinkisla (Fig. 3.6 & 
Fig. 3.11). This consists of poorly sorted, granule-rich, red-brown, muddy sandstone, 
interbedded with large blocks (>50cm) of chert, peridotite, limestone and schist and 
quartzite. Clasts are sub-angular, poorly sorted and the conglomerate is dominantly 
matrix supported. Coarsening upwards cycles are present with horizons having a 
tabular appearance and erosional relief into finer grained horizons. Gravel clasts 
exhibit imbrication and some low-angle cross bedding is present within finer horizons, 
both indicating palaeoflow towards the north, all within a dirty, poorly-sorted 
sandstone matrix (Fig 3.11). 
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Figure 3.10: Measured stratigraphic log of coarse, conglomeratic sediment from 
Kirinkisla, for key to log see Appendix 4. 
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Acidic Intrusives 	 ...a2v Dip of foliation/lineation plunge 
—: Lacustrine/tuff facies 	 -&.. 	Dip of bedding 
Alluvial plain facies 	 .-" Palaeo-current direction 
Alluvial fan fades 	 Detachment fault 
Ophiolitic Melange - 	Normal fault 
Menderes metamorphic lithologies • 	Village 
Figure 3.11: Enlarged map of the central volcanic region and coarse conglomeratic 
sediments, with rose diagrams indicating palaeocurrent directions (from clast 
imbrication; 100 values from each site). 
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Figure 3.12: Outcrop of coarse, poorly-sorted conglomerate From the Ku IIIkhla 
succession. 
Karagaaç Succession 
Similarly, in the vicinity of the village of Karagaaç (Fig. 3.6 & 3.13) there is another 
well exposed succession close to the central igneous complex. The base of the 
exposedsection is dominated by horizontally stratified, gravel and cobble grade 
conglomerates that fine upwards. Bedding planes in this locality dip at 500  towards 
the NW. Erosional based beds of poorly sorted, angular cobble grade conglomerate 
are dominant in the lower part of the section with marble clasts most frequent. Some 
clast imbrication is present, indicating a palaeocurrent direction towards the N'SV (Fig. 
3.11). Large, randomly arranged, angular blocks of gneiss and schist up to 80cm in 
size, are present throughout the lower succession. Also, at this locality, some 
horizons are cut by rhyo-dacitic volcanic rock from the igneous complex (Fig. 3.14). 
Higher in the succession, conglomeratic horizons become laterally extensive and 
sheetlike, but remain matrix supported within a mud-rich sandstone matrix. Blocks of 
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metamorphic rock are present at this level up to 4 metres in size (Fig. 3.15), although 
these are rare. Isolated lenses of lignitic material are present within the finer grained 
sandstone and granule horizons. Close to the upper part of this section, 
conglomeratic horizons fine upwards and the clast content becomes heavily influenced 
by chert, serpentinite, diabase and basalt. Conglomeratic horizons, appear to be 
stacked and erosive based, cut through each other, with blocky lags fining into matrix 
rich gravels-cobble (Fig. 3.13). 
Tupulcer Succession 
On the eastern margin of the intrusive complex and in close proximity to a large 
exposure of ophiolitc mélange, there is a steeply clipping succession close to the 
village of Tupulcer (Figs. 3.6). Thick, steeply dipping beds comprise coarse, poorly-
sorted clasts of metamorphic lithologies that are interbedded and set in a matrix of 
gravel, granules, mud and sandstones. Clasts are sub-round to sub-angular, up to one 
metre in diameter and clast type is dominated by metamorphic clasts, e.g. schist and 
quartzite (Fig. 3.16). Palaeocurrent direction, from clast imbrication, is toward the 
north (Fig. 3.11). The base of the section consists of granule-rich lithic sandstones 
that have a mudstone matrix, are poorly sorted and very angular and coarsen upwards 
into gravel-grade conglomerates arranged in channel-shaped bodies up to 5 metres 
wide and 1 metre thick. Clast size coarsens upwards with blocks up to 1 metre in size 
becoming common in poorly sorted cobble grade conglomerates. The uppermost part 
of this section is comprised of this type of material with channel shaped beds that 
pinch out into finer grained sediments around. The sediment is strongly reddened and 
dips at an angle of up to 500  towards the east, and also can be seen to clip beneath 
unconformably overlying yellow sands and gravels (Section 3.3.1.3). 
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Figure 3.13: Measured stratigraphic log of coarse, conglomeratic sediment from 
Karagaac, for key to log see Appendix 4. 
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Figure 3.14: Outcrop of coarse, steeply-dipping conglomerate (A) that is cut by 
part of the central volcanic complex (B) near Karagaaç. 
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Figure 3.15: Outcrop of coarse conglomerate sediment with a large block of schist 
- 4m long present at this locality, near Karagaaç. 
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Figure 3.16: Chart showing the number of different clast types from the Tupulcer 
succession. 
Interpretation 
The limited exposure of this facies precludes detailed interpretation but its location, in 
the centre of the basin, its steep dips, induration and relationship to the other facies 
indicates that it is the oldest exposed sediment within the basin (Purvis & Robertson 
1997, 1998). The close relationship to the central igneous complex has been 
interpreted to be due simply to the uplift and deformation of the sediment during the 
emplacement of the complex, producing exposure at the present thy (Seyitoglu & 
Scott 1993). The cross cutting relationships observed indicate that the orientation of 
these sediments existed prior to the intrusion of the igneous complex and also that the 
igneous material post dates deposition of this part of the succession (Chapter 2 & 5). 
Clast type indicates that the provenance of the sediments is dominated by 
metamorphic lithologies derived from the MIvIC and ophiolitic derived clasts from 
mélange from the Izmir-Ankara suture (Chapter 2). Palaeocurrent direction is 
generally towards the north indicating a northward sloping basin floor. 
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Geological Feature Alluvial Fans Rivers River Deltas 
Pianvlew Shape b 	 00. 	 b 
Cr 
d \—k- - 
Row Expansion Angle 180 Negligible 180 
Radial Profle 
____•••,•_,•___•__•_•_•_ e 
Radial Length <10to15km 10to1IeT itol(Alam 
Radial Relief Over 10 Km 3M to >2JOM m ito 70  Ito 70  
Cross-Profile 
b dd f 
Cross-Profile Relief 300to>2m ito 15m 0.1 to2.Om 
Geomorphic Setting Piedmont Most Continental Settings Most Continental Settings 
Propensity for Unconfined Flows Very High Very Low High 
Fioodplains Present? No Yes Yes 
Radial Slope Values 1.5' to 25' <0.5' <0,5' 
Typical Sediment Mode Pebbles to Boulders Sand to Cobbles Mud to Pebbles 
Rate of Slope Gain Relative to Grain Size Very High Low low 
Effect of Vegetation Very Minor Major Major 
RelatIve Drainage-Basin Size Very Small to Small Moderate to Large Moderate to Large 
Relief Ratio of Drainage Basin Very High Low Low 
Propensity for Generating Flashfioods Very High Low to Moderate Low to Moderate 
Sediment-Gravity-Flow Activity Very Common Rare Rare (except at front) 
Typical Water Flow Conditions Supercritical Subcflticol Subcritical 
Magnitude of Tractive Forces Very High Moderate Low to Moderate 
Row Competency Very High Low to Moderate Low to Moderate 
Effect of Slope Failures on Sedimentation Very High Low to Moderate Low (except at front) 
Clasts Entroinoble by Flow I m Deep Med Boulders to Pebbles Med Pebbles to Crs Sand Granules to Med Sand 
Flow Capacity Very High Moderate Moderate 
• Flow Depth Downslope Greatly Decreases Slightly Increases Slightly Decreases 
• Flow Width Downslope Greatly Increases Slightly Increases Moderately Increases 
A Flow Competency Downslope Greatly Decreases Sightly Increases Slightly Decreases 
A Flow Capacity Downslope Greatly Decreases Slightly Increases Slightly Decreases 
A Water Discharge Downsiope Greatly Decreases Greatly Increases Consistent 
Frequency of Aggrociotlond Events Very Rare Common to Rare Common to Rare 
Figure 3.17: Comparison of typical morphological, hydraulic and sedimentological 
properties of alluvial fans, rivers, and river deltas in sedimentary basins (from Blair & 
McPherson 1996). 
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The large clasts prevalent throughout this unit indicates a high-energy environment 
was responsible for transporting the sediment i.e. a high slope gradient. This, in 
association with the poor sorting and and angularity of material within the sediments, 
suggests a deposition proximal to sediment source and hence local provenance. The 
red-brown colour is typical of continental sediments due to oxidation of material 
within the sediment, although the proximity of the succession to the igneous body 
may have led to diagenetic, hydothermally driven alteration (Chapter 4) . These 
observations suggest the environment of deposition being an alluvial fan system (e.g. 
Hooke 1967; Bull 1972; Nilsen 1982; Nemec & Steel 1988; Nemec & Postma 1993; 
Blair & McPherson 1994). According to Nilsen (1982), the main criteria for 
recognition of alluvial fan deposits are "sediments deposited close to source, 
deposited by urn-directional flows, high energy deposits, poorly sorted, oxidised, fine 
down slope, have low organic matter, few fossils, and many other features" (see Fig. 
3.17). 
Depositional processes on alluvial fans are numerous, particularly controlled by 
environmental conditions. Bull (1972), Nemec & Steel (1988), and Blair & 
McPherson (1994) recognise water laid sediment, debris flow deposits, or a 
combination of both within any fan system. Water-laid deposits occur as incised 
channel flows, sheetflood or sieve deposits. Debris flow deposits generally consist of 
coarse cobbles to boulders in a poorly sorted matrix. 
Blair & McPherson (1994, 1996) differentiate alluvial fans from river deposits based 
on process, shape and facies (Fig. 3.17). They describe two types of process, primary 
and secondary, that transport sediment from the drainage basin to the fan. Primary 
processes consist of rockfalls, avalanches, gravity slides, debris flows and sheetfloods 
and these are responsible for construction of the fan and enlargement of the drainage 
basin. They tend to be driven by flashfloods or earthquakes, and, as such, are 
relatively short, high impact events (Fig. 3.17). These differ from secondary 
118 
Chapter 3: GOrdes & Selendi Basin sedimentology 
processes which result in fan erosion, these include overland flow, wind erosion, 
bioturbation and soil development. 
Thus, the deposits of the Gördes Basin that are interbedded with alluvial shallow 
braided stream and sheet flows that exhibit planar laminated and cross-bedded sands 
and gravels and have little channel confinement and a flashy nature of deposition.are 
interpreted to represent debris flow material from a large alluvial fan system, similar to 
Death Valley-type fans (Stanistreet & Mcarthy 1993). 
3.3.1.3 	Cross-bedded sandstones and conglomerates 
The southern portion of the Gördes Basin is dominated by a series of relatively flat-
lying sandstones and cross-bedded gravels (Figs. 3.6). The observed total thickness 
of this formation is at least 500 metres, although the poorly consolidated nature of the 
material precludes exposure of an extensive continuous section. 
Beds are planar with dips <3Ø0  that dip away from the basin margins. Individual 
horizons are up to 1 metre thick and fine upwards, with erosive bases and lens shaped 
morphology (Fig 3.18). Conglomeratic lenses are up to about 10 metres in width. In 
general, the sediment consists of alternating layers of fine- to coarse-grained lithic 
sandstones that are intercalated with medium-grade (2-8 cm) graveistones that have 
an average clast size of approximately 5cm. A general fining upwards of the 
succession is observed, passing into finer sandstones and mudstones with scarse 
clastic horizons, before passing conformably into a fine-grained/tuffaceous facies 
above (Section 3.3.1.4). The clasts present within this succession are dominantly 
quartzite and schist. Fine-grained siltstones and laminated mudstones are present, 
with increased height in the succession. Individual grains are sub-rounded to sub-
angular. The succession in general has a distinctive brown to yellow colour. 
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Figure 3.18: Outcrop of strongly, cross-stratified sandstone that fines upwards; from 
erosive based channel, near Daglara-Damlara, Gordes Basin.. 





Figure 3.19: Sketch section of the relationship between the coarse alluvial fan 
facies (3.3.1.2) and the cross-bedded sandstones and conglomerates on the eastern 
margin of the central igneous complex (Nr Kayacik). 
. .3; • , 	/ rw 
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The sediments can be seen to onlap the basement on the eastern margin of the basin 
with localised metamorphic scree (rock avalanche deposits) material being present. In 
the centre of the basin, in the vicinity of Tupulcer, the yellow-brown sandstones can 
be seen to unconformably overlap underlying coarse alluvial fan conglomerates, 
described in Section 3.3.1.2 (Fig.3. 19), creating an angular unconformity of 200. 
Large scale sedimentary structures are dominated strongly cross-stratified gravel 
grade conglomeratic, lenticular horizons. Individual horizons tend to fine upwards 
with finer horizons being rippled. Palaeocurrent indicators, e.g. clast imbrication and 
cross bedding, show a northward flow direction (Fig. 3.18) 
The succession is moderately indurated with some carbonation and iron pan 
development. Some sandstones show nodular caicretisation, around organic material 
and root fragments. The presence of isolated lignite horizons and fragments is 
common throughout the succession and pollen spores in lignite samples from this 
facies yielded dominant varieties from gymnosperm pollen, characterised by Pinus 
hapoloxylon, Pinus silvestris and Picea type. The other dominant pollen type is 
Inaperturopollenites hiatus which is the pollen of Taxodium (swamp cypress)(N.P. 
Campion pers. corn. 1996). Various parts of the succession were logged to 
characterise the sedimentology of this formation (see Fig. 3.6) and these are described 
below. 
Daglara-Damlara succession 
In the vicinity of Daglara-Damlara, a succession of yellow-brown sandstone 
interbeddded with isolated lenses (1 m thick) of gravel in a matrix of fine- to medium-
grained sandstone is exposed (Fig. 3.21). Clasts are sub-round to sub-angular with 
quartzite being the dominant clast type (Fig 3.20). The basal part of this exposure can 
be seen to passively onlap sheared ophiolitic material and metamorphics of the MMC 
(Fig 3.21). The lower part of the exposure is dominated by sub-rounded to sub- 
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angular, poorly sorted, channelised conglomerate, with clasts up to 8 cm in diameter. 
These are matrix supported in a fine/muddy sandstone and exhibit an erosive base. 
The conglomeratic horizons are separated by bands of poorly sorted, planar-laminated 
sandstones. The succession then coarsens into low-angle, cross-stratified, medium-
grade sandstones, before becoming very silt rich, fissile and mud cracked. The finer-
grained sediments are terminated by a 30 cm-thick, coarse gravel, lens which fines 
upwards into granule-sized sediments. The average clip in this locality is 15 ° towards 
the north-west, away from the local basement. Slightly above this level the sediment 
is dominated by medium-grained sandstone and granulestone interbedded with sheet 
like horizons of gravel-sized conglomerates. Clasts at this level are strongly 
imbricated and have a bladed, sub-angular appearance. Large (ten metres wide by one 
metre thick), channel-shaped lenses of clast-supported, gravel-sized conglomerate, are 
poorly sorted, but show strong, low-angle cross stratification, and cap this part of the 
section before passing upwards into channels (5 metre thick by 25 metre wide) of 
trough cross-bedded, matrix-supported conglomerates that contain clasts up to 1 
metre in diameter (Figs. 3.22 & 3.23). The section passes upwards into erosive-based, 
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Figure 3.20: Chart showing the number and lithology of clasts from conglomeratic 
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Figure 3.21: Measured strati graphic log of cross-stratified sandstone and 
conglomerate from Daglara-Damlara, for key to log see Appendix 4. 
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Figure 3.22: Large schist boulder in finer grained matrix from the basal part of the 
Daglara-Dainlara succession. 
Figure 3.23: Matrix supported conglomerate in channel body that pinches out 
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Tepekoy Section 
Just to the south-west of the village of Tepekoy is a section through this formation, 
and structural relationships suggest that it represents the deepest exposed part of this 
facies (Fig.3.6 & Fig 3.25. The dip of the succession in this locality is also low (15-
200) ,  typical of this formation. The succession itself is initially dominated by coarse 
sandstone to gritstone horizons that are lithic rich, and exhibit strong cross-bedding 
and are iron stained (Fig. 3.26). Individual beds are erosively based truncating 
underlying strata. Overall, the succession coarsens upwards, with clast size increasing 
to a maximum of 20cm, in a matrix-supported framework of sandstone and fine 
gravel. Strongly erosive channel-based horizons cut down through existing strata, 
and these consist of coarse, clast-supported sub-rounded conglomerate set in a 
yellow-brown medium- to coarse-lithic sandstone matrix. Clast type is dominated by 
metamorphic lithologies, although ophiolitic material is present in minor quantities 
(-.10%)(Fig 3.24). Clast imbrication, indicates a NW palaeo-current direction (Fig. 
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Figure 3.24: Chart showing the number and lithology of clast type from a 
conglomerate channel near the base of the Tepekoy succession. 
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Figure 3.25: 	Measured 	stratigraphic log 	of 	cross-stratified sandstone 	and 
conglomerate from Tepekoy, for key to log see Appendix 4. 
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Figure 3.26: Outcrop from the Tepekoy succession, showing basal, coarse 
conglomerate layer, fining upwards into cross stratified coarse sandstone, with some 
iron-pan development. 
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Acidic Intrusives 	 ...iZ Dip of foliation/lineation plunge 
- - Lacustrine/tuff facies 	 -i... 	Dip of bedding 
Alluvial plain facies 	 .' Palaeo-current direction 
Alluvial fan fades 	 Detachment fault 
k. Ophiolitic Melange - Normal fault 
Menderes metamorphic lithologies • 	Village 
Figure 3.27: Map of the GOrdes Basin showing palaeocurrent data plotted on rose 
diagrams, for the cross-bedded sandstones and conglomerates and fine-
grained/tuffaceous sediment (3.3.1.5). 100 values at each site. 
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Angular blocky conglomerate 
Localised exposure of coarse, angular blocky conglomerate can be seen to interfinger 
with the sediments described above, on the basin margin at the interface between 
basin fill and basement. In the vicinity of Daglara-Danlara on the southern margin of 
the basin, a coarse, blocky, matrix rich, clast supported conglomerate, consists of 
large blocks (5-30cm) and can be seen to pass both laterally and unconformably into 
sandstones and conglomerates (Fig. 3.28). Clast type is comprised of both 
metamorphic lithologies and ophiolitic material. Similarly, in the east of the basin, 
east of Gordes (Fig. 3.29), coarse angular, in-situ, brecciated basement is observed, 
passing over a few tens of metres from stable undeformed material into fragmented 
basement and then into fluvial sandstones and conglomerates. 
Interpretation 
The sand-prone nature of this sediment, with the restricted, channelised nature of the 
coarse clastic material which exhibits low-angle and trough cross-stratification, 
suggest a fluvial origin. Present-day exposure is limited to the southern part of the 
basin, onlapping the basement on both east and west margins, with relatively flat-lying 
bedding, indicating that these sediments post-date the initial tectonic events 
responsible for basin. The direction of flow as determined from palaeo-current 
information is strongly towards the north, indicating a source from the south, east and 
west margins of the basins. Coarse sandstone and conglomerates are moderately well 
rounded and dominate the basal part of the succesion, with little fine-grained material 
being present. Conglomeratic units appear strongly lenticular and stacked erosively 
above each other with sandstones separating these horizons. The lenses fine laterally 
into muddier sandstones. Thus, the basal part of the succession is interpreted to 
represent a braided stream environment after Allen (1965) and more recently Mall 
(1985, 1992, 1996). 
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Figure 3.28: Angular, blocky conglomerate in a poorly sorted matrix from the 
southern margin of the Gordes Basin, nr. Daglara-Damlara. 
Figure 3.29: In-situ, broken metamorphic basement that interfingers with fluvial 
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The succession shows a general fining upwards character with the upper part, being 
sandstone dominated with rare mudstones passing laterally into fine channelised 
conglomerates. This part of the succession is interpreted to represent a decrease in 
energy and depositional slope is typical of a coarse-grained meandering stream (Mall 
1985). The morphology of the basin (discussed in Chapter 2) has lead to a wide, 
enclosed alluvial plain environment. The northwards palaeoflow direction, indicates a 
northward-sloping basin floor (Seyitoglu 1996). Provenance is dominated by 
metamorphic lithologies and in particular quartzite; with the angularity and size of 
some clasts indicating a relatively immature cycle of sedimentation, with the quartzite 
shed from a local source (Blatt 1982). No evidence of cannabilisation of underlying 
sediments is evident. Local sourcing from the ophioltic mélange is also evident around 
the isolated fragments and on the western margin of the basin. 
The development and presence of lignites within the succession may be due to 
deposition in swampy regions between low sinuosity channels (Johnson & Pierce 
1991). The pollen types within the organic materials are indicative of a Miocene age, 
with the fauna being rich in Mediterranean Pine and swampy species indicating a semi-
arid climate, although one that may have been wetter than today (N.P.Campion pers. 
com  1996). The localised exposures of coarse angular conglomerate, adjacent to the 
basin margins and that interfinger with these fluvial deposits are interpreted to be talus 
cones or scree deposits after Blair & McPherson (1994). 
The succession therefore shows a change from proximal deposits at the base and 
lateral margins to more distal deposits, higher in the section. A similar pattern of 
fluvial sedimentation can be seen in the Walls Formation of Western Shetland where a 
large basin is bordered by strike slip faults (Melvin 1985), creating a structurally 
similar basin to the Gördes Basin, with a large confined plain dominated by fluvial 
sediments. 
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3.3.1.4 	Fine-grained laminated/tuffaceous sediment 
Towards the central and northern part of the basin, a flat-lying succession of fine-
grained sediments that have an estimated total thickness of approximately 300 metres 
are exposed. The whole succession has a very distinctive pale white colour that makes 
recognition in the field straightforward. 
The lithologies present within this succession include, finely laminated sandstones, 
siltstones, mudstones and mans (Fig.3.6). The upper part of this facies is dominated 
by large, thick horizons of siliciclastic air fall tuffs. Grain size is predominantly very 
fine, although rare occurrences of fine gravels are present and these are comprised of 
quartzite and chert. The fine elastic sediments below the tuffs contain extensive 
amounts of organic material and plant fragments which have formed commercial 
lignite deposits (seams >50 cm thick). 
The lower part of the succession appears to interfinger and conformably overlie the 
alluvial plain sandstones and conglomerates (described in section 3.3.1.3), on the 
eastern margin of the basin, and passively onlap basement lithologies in the northern 
half of the basin. Isolated remnants of fine-grained sediments can be seen as outliers 
on exposed basement between the Gordes and the Demirci Basins (Fig. 3.6). Small 
outcrops of angular, gravel-grade conglomerates are present on the northern basin 
margin appearing to pass/interfinger laterally from ophiolitic mélange into 
conglomerate derived from this source into fine grained sediments over 200 metres. 
Sedimentary structures are dominated by planar lamination, although the lower part of 
the succession exhibits extensive ripples. Mud- and siltstones are mudcracked and 
palaosols and lignites are locally present within the succession (Fig. 3.30). Freshwater 
Viviparus gastropods and Unio bi-valves are common throughout the fine-grained 
elastic sediments. Palaeocurrent data, although limited, due to the fine-grained nature 
of the sediments has a centripetal pattern (Fig. 3.27). 
The character of this facies is shown from two key localities (see below). 
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Figure 3.30: Cliff section, SW ol UUrdes, shoving a 1 metre thick paleosol at the 
base, overlain by fine-grained micritic limestone and siltstones. 
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Eski Gordes Succession 
A large (>lOOm), well exposed succession was measured in the vicinity of the 
abandoned village of Eski Gordes (Old Gördes) (Figs. 3.6 & 3.32). The basal part of 
this succession consists of interbeds of finely laminated, dark grey mudstone, with 
pale white siltstone and medium- to fine-grained sandstones which are thinnly bedded 
and fissile, with local wavy lamination. Rare, granule-rich, coarse layers show 
numerous lithic rock fragments with some coarse lag at their base. Extensive iron 
oxide cementation is present and the succession also has a distinct fining upwards 
signature (over 30 metres). All of the sediments contain large amounts of plant 
fragments and organic material, with certain mudstone horizons being very calcareous 
and having a very pale appearance. Bedding dips are low with an average value of 
approximately 100 towards the west. Higher in the section, erosive-based channelised 
sandstones coarsen upwards. These sandstones consist of sub-angular, strained, 
quartz grains with kinked flakes of biotite and minor plagioclase, with micritic grains 
set in a microspar calcite cement (Fig 3.33). These sandstones show some ripples 
indicating a palaeocurrent direction towards the NNW (Fig 3.27). 
Above this level the section is dominated by fissile, organic-rich mudstones. These 
are interbedded with the first tuffaceous horizon which is massive, pale white in 
colour. The tuff is interbedded with micaceous sandstones that are iron stained and 
cemented, before passing into silt and mudstone interbeds. The siltstone and 
mudstones then coarsen upwards into fine sandstones with small lens-shaped channels 
that exhibit low-angle cross stratification, with a NE/SW flow direction. At this level, 
a large accumulation of Unio bivalves and Viviparus gastropods are present within a 
fine sandstone horizon. The fine sandstones also exhibit indistinct bioturbation in the 
form of Diplocraterion, as well as cross bedding and ripples (Figs. 3.34). Mudstones 
and siltstones show mudcracking at this level. Marls become common at this central 
part of the succession, and these are dominantly micritic with isolated grains of quartz 
and feldspar. Some coarse, sparry vein fill material is present (Fig 3.35) and the rocks 
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Figure 3.33: Photomicrograph of fine grained sandstone showing quartz grains, 
isolated mica flakes and micntic carbonate set in a microspar calcite cement. (Xpl 9 x 
magnification). 
Figure 3.34: Symetrical ripples on the upper bedding surface of fine sandstone 
horizon, nrEski Gördes. 
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Tuffaceous horizons become increasingly dominant at upper levels of the succession 
and two samples were selected for radiometric (Ar 40/Ar39) dating (see Chapter 5). 
These samples occur just below the base of a coarse gravel conglomerate that consists 
of sub-rounded metamorphic clasts set in a coarse sandstone matrix. In thin-section 
the tuff horizons consist of unwelded spherulitic, vitric, lapilli tuff with devitrofied 
glass and lithic fragments of deformed quartzite (Fig. 3.35)(Fischer & Schminke 1984; 
Cas & Wright). The tuffaceous horizons are interbedded with silicified, flint-like, 
limestone horizons and have a karstic weathered look with spherulitic silicified 
nodules up to 1mm in diameter. These have replaced and filled void spaces within the 
fine grained carbonate matrix (Fig. 3.36). The succession then becomes dominated 
(<10% clastics) by metre-thick tuff horizons which form a flat plateau in the north of 
the basin (Fig. 3.37). 
Gumesli Succession 
On the northern margin of the basin, close to the village of Gumesli, a succession 
through lower part of this facies association was measured in close proximity to the 
basin edge and subjacent ophiolitic mélange (Figs 3.6 & 3.38). On the basin margin, a 
localised exposure of ophiolitic-derived, poorly sorted, clastic material interfingers 
with fine grained mudstone and siltstones (Fig.3.39). Palaeocurrent information from 
cross bedding and imbrication indicates westwards flow (Fig. 3.27). Small channels 
(im wide x 40cm deep) are also present within this fine material. In close proximity 
to the margin the sediment consists of a poorly sorted, fine gravel that contains 
angular clasts of chert, serpentinite and limestone within a red mudstone matrix (Fig 
3.40). 
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Figure 3.35: Photomicroraph of unwelded vitric tuff from the Eski-Gördes Section. 
Lapilli structures are visible, with isolated lithic fragments and vesicles. PPL 8 x 
Magnification. 
Figure 3.36: Photomicrograph of organic rich micritic carbonate, with part of the 
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Figure 3.37: Outcrop of the upper part of fine-grained/tuffaceous sediment, south 
of Gördes. 3 metre thick white, clean, vitric tuff horizon, overlying fine sandstone. 
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Figure 3.38: Measured stratigraphic log of fine-grained sediment from Gumesli, for 
key to log see Appendix 4. 
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Figure 3.39: Schematic section across the northern margin of the (iördes Basin, nr. 
Gumesli. Locally sourced ophiolitic clasts interfinger with fine-grained lacustrine 
sediments. 
Figure 3.40: Photomicrograph of fine gravel from the Gumesli succession on the 
northern margin of the Gördes Basin. Section shows a large fragment of chert (c), 
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Interpretation 
The basal section of this facies is dominated by fine-grained, laminated sand and 
siltstones, that are sometimes carbonate rich and indicate quiet conditions of 
deposition. The rich abundance of plant fragments and organic material, freshwater 
fauna and sediments are characteristic of a lacustrine environment (after Picard & 
High 1972). The presence of isolated, trough cross-bedded and channelised 
sandstones and fine gravels, indicates some fluvial activity with a dominant flow 
towards the axis of the basin. Symmetrical ripples, mudcracks and palaeosol 
development within the sediments indicate a relatively shallow water and/or 
ephemeral setting, with carbonate mudstones and siltstones becoming more dominant 
higher in the section, indicating a decrease in clastic input. The fine grained 
limestones exhibit partial secondary silicification and indicates a groundwater rich in 
silica possibly sourced from the hydrolysis of volcanic ash in the surrounding tuff 
horizons (McBride 1988). This process would be aided by the high groundwater 
temperature in proximity to the central igneous complex. The succession then 
becomes dominated by silicic, unwelded, fine-grained vitric air-fall tuffs that are 
dominated by lapilli and lithic fragments. These tuffs engulfed the pre existing 
depositional setting periodically, before completely dominating the succession. The 
geochemistry of these volcaniclastic sediments will be discussed in Chapter 6. The 
succession is seen to onlap the basement metamorphics and ophiolitic mélange, and 
isolated remnants are present above the basement, indicating that unroofing of the 
metamorphic basement took place prior to deposition of these sediments (See Chapter 
2). 
Coarse-grained, angular conglomerates that are present locally at the basin margin and 
interfinger with the fine grained sediments are interpreted as scree and talus deposits 
sourced from the basin margins. The climate at the time of deposition is believed to 
have been similar to that of the present day. However, pollen spores and the presence 
of a large lacustrine body suggest a wetter climate than today (Purvis & Robertson 
1998). Whilst the lake is interpreted to have had a large aerial extent, the presence of 
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interbedded fossil soils and mudcracks indicate that periodic dessication and subaerial 
exposure must have taken place. Thus, this facies is interpreted to represent the 
development of a large, quiet, shallow, ephemeral, internally-draining lake, but then 
became inundated and dominated by large volumes of volcaniclastic tuffs, possibly 
from the nearby central igneous complex (Purvis & Robertson 1997, 1998)(See 
Chapter 6). 
3.3.1.5 	Conclusions 
. The oldest sediments in the Gordes Basin are 200 metres of coarse, poorly-sorted, 
conglomerates interpreted as alluvial fans shed by mass flow from the south 
towards the north. 
. These coarse basal sediments were followed unconformably overlain by a thick 
(500 m +) succession of braided fluvial/alluvial plain sandstones and 
conglomerates. These are moderately sorted and again have a palaeoflow direction 
towards the north, indicating a northwards sloping basin floor. The alluvial plain 
deposits contain pollen spores that indicate an Early Miocene age and a semi-arid 
climate that was wetter than the present day. 
. The alluvial plain sediments were conformably overlain and interfingered with a 
300 metre thick succession of finely laminated lacustrine sandstone, siltstone, and 
mudstones that then become interbedded and subsequently dominated by unwelded 
silicic tuff deposits. 
. Palaeocurrent information from the finer-grained sediments indicates an internal 
drainage pattern. The tuffaceous sediments appear to have brought to an end the 
existing depositional regime within the Gördes Basin with present-day deposition 
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limited to externally draining river deposits; a very different setting. The total 
thickness of sediment from the Gördes Basin is 1000 metres. 
• Much of the present basin fill is seen to be cross cut by the central rhyodacitic, 
intrusive volcanic complex, that may have acted a source for the tuffaceous 
material (see Chapter 6). The sediments are dated as Aquitarnan to Burdigallian 
(21-16 Ma) by radiometric methods (Chapter 5). 
3.3.2 Selendi Basin 
The Selendi Basin is situated approximately 20 km to the east of the Gordes Basin 
and can be seen to have a similar N/S trend (Fig. 3.2). It is set within a plateau, 600 
metres above sea level, that has smooth relief and gentle topography. On the basis of 
two months extensive fieldwork that comprised mapping, sedimentary logging and 
palaeocurent analysis within the basin and surrounding basement lithologies, this work 
has determined three distinctive facies associations. These are: 
• Coarse steeply dipping conglomerates 
• Channelised sandstone and conglomerates 
• Fine grained laminated siltstone/mudstones and tuffaceous sediments 
These sedimentary rocks will be described in detail, along with their relationships 
mutually and with the surrounding basement. The main features of the associations 
are summarised in figure 3.41. Other non sedimentary lithologies will be briefly 
described before this, due to their importance within the basins evolution. 
4,  
Sediment Association Thickness Lithology Colour Basal Stratigraphy Sedimentary Structures 
Other features 
(Metres)  
Coarse steeply dipping 300 Coarse Yellow - Menderes massif Clast imbrication, Some organic rich 
conglomerates conglomerate grey metamorphics & trough-cross- layers. Well 
ophiolitic mélange stratification in finer lithified, steep 
horizons dipping 
Channelised sandstones and 700 Sandstone 	& Yellow-grey Menderes massif Erosive-based Extensive iron pan 
conglomerates conglomerates to brown metamorphics, channels, general development and 
ophiolitic mélange & fining upwards. cements. Moderate 
coarse steeply dipping Trough- and low angle induration 
conglomeratic facies cross-stratification 
Fine-grained laminated 200-300 Siltstone/muds Pale grey to Channelised Planar laminations, Palaosolllignite 
silt/sandstones with tone to marl. white sandstones and mudcracks, ripples development. 
interbedded tuffaceous Silicic air fall conglomerates. Freshwater fauna 
sediment tuffs Menderes massif 
metamorphics 
Figure 3.41: Table summarising the sediment associations and their properties determined in this study. 
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3.3.2.1 Ophiolitic Melange 
Small (<1km2) isolated outcrops of melange can be seen within the Selendi Basin (Fig. 
3.42). These bodies were eroded and reworked into the earliest sediments within the 
basin (Section 3.3.2.3). The melange consists of chert, recrystallised limestone, basalt 
and serpentinite. The outcrops are closely associated with the southern margin, 
sitting directly on the basement of the MIIvIC, and also are seen in the centre, and 
deepest exposed part of the basin, near Derekoy. The tectonic significance of these 
deposits is discussed in Chapter 2. 
3.3.2.2 Rhyo-dacitic intrusives 
In the northern part of the basin, the basin-fill can be seen to be cross-cut by 
numerous rhyodacitic intrusive bodies (Seyitoglu 1997). Seyitoglu (1997) recognises 
two phases of volcanic activity with the first consisting of rhyolitic material and the 
second trachydacitic material (Fig. 3.42). These intusives were radiometrically dated 
(Seyitoglu et al. 1997) and yielded Early Miocene ages which constrain the age of the 
basin fill and these will be discussed in Chapter 5. A large volume of volcanic 
agglomerate is also associated with these two phases of volcanic activity. 
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Figure 3.42: Geological map of the Selendi Basin, showing the distribution of facies 
associations determined in this study. 
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3.3.2.3 	Coarse steeply-dipping conglomeratic sediment 
Within the central, and deepest part of the basin a large succession of coarse 
conglomerate is exposed along the banks of the Selencli River near to the villages of 
Derekoy and Asagiguluce (Fig. 3.42). Minor exposures of this facies association are 
seen elsewhere within the basin but in general they are buried by subsequent 
deposition (Fig 3.42). A total thickness of 300 metres of this facies is exposed. 
Individual beds range up to a few metres thick with horizons being laterally extensive, 
and structural dips of bedding are steep, up to 500 towards the SSW. The sediment 
consists of coarse, well-cemented conglomerate interbedded with poorly sorted 
sandstone as a matrix. Clast-type is dominated by quartzite, schist and marble with 
some limestone, serpentinite and chert present (Fig. 3.43). Average clast size ranges 
from 0.5-30cm, with a largest clast of 50 cm. At outcrop, the succession has a grey 
to red colour, that contrasts with the overlying lithologies. 
The basal stratigraphic contact is not observed due to poor exposure but this facies 
association is the oldest exposed and has an angular discordance with inliers of 
ophiolitic mélange (Fig. 3.42). Sedimentary structures are limited although bedding 
horizons show extensive erosional, basal relief and some fining upwards. 
Palaeocurrent direction from clast imbrication is dominantly towards the north (Fig. 
3.44). Cementation is moderate to good with some very hard, carbonate cemented 
horizons. 
A succession was measured along the southern margin of the Selendi River in the 
vicinity of the village of Derekoy (Fig. 3.42). The sediments here can be seen to be 
unconformably overlain by later fine-grained material. 
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Figure 3.43: Chart showing the clast type and lithology from a conglomerate horizon 
in the Derekoy succession. 
(for key see Fig. 3.42) 
Figure 3.44: Enlarged map of the central Selendi Basin, showing palaeocurrent data 
from clast imbrication, plotted on rose diagrams. 
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Derekoy Succession (Fig 3.45) 
This succession begins with coarse erosively based horizons of well-cemented cobble-
grade conglomerates, that are sub-round and slightly cross-stratified, but fine 
gradually into gravel and granule, well consolidated clast-supported angular units. 
The gravel horizons coarsen upwards with individual beds thickening to 1.5 metres. 
They consist of matrix-supported cobble grade conglomerate. These conglomerates 
are subrounded, poorly sorted and fine upwards into pebble grade conglomerate. 
Clast type is dominated by metamorphic lithologies with some ophiolitic mélange 
material locally present (see Fig. 3.43). The pebble-grade clasts are set in a 
sand/granule rich matrix that is rich in lithic fragments. Isolated large blocks (up to 
30cm) are present within this material. Clasts show some imbrication, with flow 
towards the north east. Higher in the succession, low-angle cross stratification is 
present. Strongly erosive, trough cross-stratified, channel-shaped, bodies that contain 
medium-grained gravels up to 3-4cm in diameter, are several metres wide and up to 2 
metres thick. Strong truncation of underlying horizons is visible (Fig. 3.xxx) and 
channel bodies appear to pinch out laterally. Also, at this, level in the succession, finer 
sandstone horizons exhibit asymmetrical rippling on upper surfaces. Palaeocurrent 
directions based on clast imbrication and cross stratification are still towards the 
north. Large blocks within the sediment appear to be randomly arranged. Fine-
grained, cross-bedded lithic sandstones are present in much greater volumes higher in 
the section. Stacked, multi-storey, erosional-based, lens shaped horizons, up to 60 
cm thick, of cross-stratified, cobble to fine gravel grade conglomerate are present 
above this level in the succession. Clasts are dominantly sub-rounded and moderately 
imbricated and lenses appear to pinch out laterally into finer-grained sediments. 
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Figure 3.45: Measured stratigraphic log of coarse-grained conglomerate sediment 
from Derekoy, for key to log see Appendix 4. 
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After a break in exposure of approximately 10 metres, the sediments strongly coarsen 
upwards into very poorly sorted horizons comprised of large (up to 80 cm) blocks 
(Fig. 3.46). These horizons individually fine into cobble and then gravel-grade 
material that varies from matrix to clast supported in a very angular, gritty, 
carbonate/micaceous sandstone. Bedding dips are quite variable and higher in the 
section have approximate values of 25° towards the WSW. Large blocks are almost 
absent at the top of the succession with extensive sheets of fissile, micaceous, parallel 
laminated (Fig. 3.47) and cross-bedded sandstones becoming dominant. 
.,. 	 .. 	 .. 
Figure 3.46: Outcrop of coarse conglomerate, from the Dereköy succession, with a 
channel shaped morphology, erosively truncating the underlying horizon. Note the 
presence of large, sub-round clasts. 
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Figure 3.47: Outcrop near the upper part of the Derekoy succession, showing steep 
dip towards the SW and finer-grained lithology than material from lower in the 
succession. 
An interesting feature of this formation is the presence of numerous outcrops of 
ophiolitic melange (see Section 3.3.2.1) that are locally exposed beneath the sediment 
described above. Close to these outcrops the sediment can be seen to dip away from 
the mélange, with a local dominance of ophiolitic derived clasts (Fig. 3.48). This local 
provenance variation continues upwards for approximately 25 metres before reverting 
to the material described above. 
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Figure 3.48: Chart of number of clasts and lithology type from coarse 
conglomerate, adjacent to ophiolitic mélange, nr Derekoy. 
Eskin 
The only other major outcrop of this facies occurs in the vicinity of the village of 
Eskin on the NE margin of the basin. The sediment here consists of fine graveistones 
which are rich in quartzite, schist and marble. The clasts are typically sub-angular, 
and arranged into metre thick beds that clip at high angles (up to 500) towards the 
south. Palaeocurrent information from gravelstones with imbricate clasts indicate a 
NW flow direction. These gravels then fine upwards into a series of fissile mudstones 
and siltstones which are locally deformed (Fig. 3.49). 
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Figure 3.49: Outcrop of deformed, fissile silt- and sandstones from near Eskin. 
Interpretation 
The limited exposure of the coarse, clastic sediment material, which is restricted to the 
deepest part of the basin, prevents extensive examination but the clast type, shape and 
size indicate this material to be locally sourced with the palaeocurrent dominantly 
towards the north, parallel to the axis of the basin. Later sedimentation has buried 
this material and it is only exposed today due to downcutting and erosion by recent, 
westward external drainage. The coarse, poorly-sorted, nature of the sediment 
described above along with the channelised shape of contacts and limited fine-grained 
sediment, especially in the lower part of the succession indicates a high energy 
environment. Low-angle planar cross-stratification is visible, but little stratification 
can be made out. Limited organic and fossiliferous material is present. All these 
factors indicate that the environment of deposition was an alluvial fan system (e.g. 
Hooke 1967; Bull 1972; Nilsen 1982; Nemec & Steel 1988 and Blair & McPherson 
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1994, 1996). The rounding of some clasts indicates some more extreme transport of 
material or reworking, and the outcrop near Eskin with its finer lithologies represents 
a rapid change downslope within an alluvial fan environment (Nilsen 1982). The 
presence of some trough cross-bedded and lenticular-shaped channels are indicative of 
braided fluvial action (Blair & McPherson 1994). The strong fining-upwards 
sequence is interpreted to be due to waning current strength (Blair & McPherson 
1994). The large clast size, lack of flood plain deposits and the limited cross sectional 
relief of the sedimentary packages also distinguishes this material from river deposits 
(Miall 1985, Blair & McPherson 1994;). A propensity to generate flash-flood 
conditions appears to have been quite high and the sediment is interpreted to 
represent deposition in a semi-arid alluvial fan that was dominated by sheet-flooding, 
fining towards the north (downslope). The folding of finer material in the north of the 
basin is probably due to deformation related to subsequent intrusion of volcanic 
bodies, as suggested by Seyitoglu (1997). The steep structural dips of the sediment, 
towards the SW, indicate some rotation of the sediment into the basement-bounding 
surface. 
3.3.2.4 	Channelised sandstone and conglomerate sediment association 
A thick (700 m) succession of sandstones and gravels is well exposed on the southern 
margin of the Selendi Basin (Fig. 3.42). These sediments are essentially flat lying and 
onlap the basement lithologies of the MMC. They also unconformably overlie the 
steep dipping conglomerates described in section 3.3.2.3 and pass conformably 
upwards into a sequence of finer-grained sediments (See section 3.3.2.5). Sediment is 
relatively coarse in the basal part, especially close to the basement lithologies. It 
consists of coarse gravel-grade conglomerates interbedded with planar stratified 
sandstones. Moving northwards and upwards through the succession, the average 
grain size decreases to fine siltstones and sandstones. Clasts within this sediment are 
well imbricated and form cross-stratified units that have a N/S overall palaeocurrent 
direction (Fig 3.50). To characterise this sediment in detail, two successions were 
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Figure 3.50: Geological map of the Selendi Basin showing the site and data plotted 
on rose diagrams for palaeocurrent readings from the channelised sandstone and 
conglomerate association (from imbricate clasts). 
n= 101 
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Yurtbasi succession 
A few kilometres south of the village of Yurtbasi there is a well exposed section of 
this sandstone and conglomerate sediment where shallow, north-dipping metamorphic 
basement of the MMC is seen to be onlapped by sandstones and conglomerates (Figs 
3.42 & 3.51). The basal part of this succession consists of a transition from basement 
to sediment and comprises initially, intact, foliated mica-schist that passes upwards, 
over a few metres into large, fragmented, angular blocks, that are still in situ and 
show separation along foliation surfaces (Fig.3.52). Slightly higher in the section, a 
strong erosional contact is recognised, that is discordant with the foliation but remains 
at a fairly low angle and exhibits at least 1 metre of relief (Fig. 3.52). This contact is 
marked by a change into coarse, angular breccia that is clast supported with a sparse 
muddy, matrix that is rich in kaolinite (from XRD - See Appendix 2). The clasts are 
extremely angular and have a close-fitting fabric. Higher in the succession this 
material becomes more matrix rich and showing a decrease in both maximum and 
average clast size. The sediment is extremely mud-rich and poorly sorted with little or 
no structure visible other than a fining upward trend. Clasts are solely metamorphic, 
dominantly schist and quartzite, with a northward palaeoflow direction based on 
imbrication (Fig. 3.50). The material is moderately cemented with a vague bedded 
appearance. This material passes upwards into a granule-rich siltstone, with randomly 
arranged blocks being present together with a kaolinite-rich mudstone. The sediment 
passes upwards into sandstone which contains angular clasts of quartz and schist and 
evidence of iron oxide cementation. 
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Figure 3.51: Measured 	stratigraphic log 	of 	channelised sandstone 	and 
conglomerate, near Yurtbasi, for key to log see Appendix 4. 
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Figure 3.52: Outcrop of the upper surface of metamorphic basement, near Yurtbasi, 
marking the interface between the detachment and sediment. Exhibits the transition 
from consolidated metamorphic rock across an erosional unconformity into coarse 
poorly sorted breccia. Note low angle foliation dipping north. 
A subtle, angular-unconformity is visible above the material described above, passing 
into a succession of more sorted sandstones and conglomerates with rounded clasts 
(Fig.3.53). Above this faint unconformity, the sediment consists, initially, of very 
coarse, blocky conglomerate that has tabular, subrounded clasts dominated by gneiss, 
schist and quartzite. These clasts are supported in a granule-rich, lithic matrix. The 
clasts are strongly imbricated and arranged in lenticular, erosive-based bodies, up to 
several metres wide and a few metres thick (Fig 3.54). The coarse horizons are 
interbedded with granule-rich, sandstone horizons that become increasingly silt and 
mudstone rich upwards. Certain conglomeratic horizons coarsen upwards and 
exhibit strong iron oxide cementation. 




Sandstone and conglomerates 




Figure 3.53: Schematic sketch of the subtle unconformable relationship between the 
overlying sandstone and conglomerates and the underlying basement, the boundary 
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Figure 3.54: Chart of the number and lithology of clasts from a coarse 
conglomerate lens within the Yurtbasi succession. 
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A general fining-upwards signature is recognised in the upper part of the section, with 
fewer conglomeratic horizons and an increase in the amount of sandstone and finer 
material. More isolated lenses of conglomerate are structureless, matrix supported, 
but still have large (40cm) blocks within them. Clast type continues to be dominated 
by metamorphic lithologies (Fig. 3.54). Well-sorted layers of sandstone and coarser 
material are strongly cemented with iron oxide creating resistant horizons. No 
sedimentary structures are visible within these sediments. The regional dip of these 
sediements is on average, around 8 ° towards the north. Close to the upper part of the 
succession, the average clast size shows a decrease, with conglomeratic horizons 
being gravel rich and no blocks or large clasts present, along with a continued NINE 
palaeoflow direction. Laterally extensive layers of siltstones become common and 
these, along with sandstones, begin to show cross stratification, with any clasts 
present being completely matrix supported and strongly cemented with iron cement. 
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Figure 3.55: Outcrop near the basal part of the Yurtbasi succession. Coarse, 
rounded conglomerates, in erosive-based channels with clasts showing good 
imbrication. 
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North of Gediz River section 
A few hundred metres north of the Gediz River, 2 km north of Yurtbasi, another well 
exposed succession through this sediment was measured (Figs. 3.42 & 3.56). This 
succession is closely related to the first locality, but further from the basement and 
also higher in the complete succession (Fig 3.57). The upper part of this succession is 
terminated by Quaternary basalt that protects the moderately cemented sediment and 
erosion to form a classic 'badland' topography (Fig. 3.58). The succession is 
dominated by yellow/brown, moderately cemented, poorly-sorted, granule-rich, 
sansdstone which has a muddy matrix. It is also massive with no visible structures. 
These sandstone units are 2-3 metres thick and are erosively truncated by fine gravel-
grade conglomerate filled, channel-shaped structures (Fig. 3.59). Clasts are angular 
to sub-rounded, matrix supported and range in size from a mm to a few cm. A 
northward palaeo-current direction is detected from clast imbrication (Fig 3.50). 
The coarse gravel horizons exhibit strong iron pan cementation, creating resistant 
levels, in marked contrast to the friable muddy sandstones. Conglomerate horizons 
higher in the section continue to show erosive based morphology with coarse, 
quartzite-rich, lag material fining upwards, and flat upper surfaces. Some coarse 
granule rich sandstones show extensive low-angle cross stratification, with some iron 
cementation. Conglomeratic material fines with height in the succession, with the 
average material being onlyl-2 cm's in size within the upper part of the succession. 
Some trough-cross-stratification can be seen within these units, they also show a NW 
palaeo-current direction (Fig. 3.50) based on clast imbrication. A similar pattern of 
sedimentation continues upwards with some rare, isolated low-angle cross-stratified 
conglomerates being present. At the top of the succession, sandstone horizons in 
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Figure 3.57: Schematic section of the Yurtbasi area, indicating the relationship 





Figure 3.58: Photograph graph looki n north, of the . hadland' topography present in the 
Yurthasi area. 
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Figure 3.59: Thick, horizon of muddy sandstone, capped by an iron-cemented, 
conglomerate channel. Gravel clasts in the channel are matrix supported in coarse, 
well-sorted sandstone. (N of Gediz River succession). 
Interpretation 
The basal part of the succession consists of in situ, immature material, that appears to 
be the result of erosion an weathering,of a low angle slope. This material is limited in 
its exposure. The process responsible for this very coarse, local sediment, is deduced 
from the progessive break up of undeformed basement material, with apparent in situ 
brecciation and little or no transport associated with these sediments. The more 
disturbed nature of the sediments away from the undeformed metamorphic basement 
along with a decrease in overall clast size, supports this argument.. This imited 
exposure of sediment is unconformably overlain by the main body of sandstone and 
conglomerate which is interpreted largely to represent the reworking of initial slope 
weathered material by a later depositional event. The later sandstone and 
conglomerate passively onlaps the low-angle, north-dipping, basement lithologies of 
the MIMC and unconformably to overlie the oldest sediments, indicating that this 
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phase of deposition took place after the exhumation of the Menderes Massif (Purvis 
& Robertson 1997, 1998). No recycled sedimentary lithoclasts were observed, 
probably due to the poor exposure of lower levels of the basin fill, where this would 
be expected. The sediment itself consists of horizontally-bedded, imbricated 
conglomerates, interbedded with moderately cemented, structureless sandstones that 
were derived from the south, off the basement. The conglomerates are strongly 
cemented, with iron pan develoment that is not visible within the muddy sandstones. 
In some channels, gravel beds exhibit trough- and low-angle cross-stratification. No 
cydicity of sediments are visible within these deposits. According to Court (1982) 
and Miall (1977) these patterns are typical of braided river facies. 
Thus, the basal part of this succession is interpreted to represent gravelly bed of a 
braided river with sediment gravity flow deposits (after Miall 1996) and described by 
(Hooke 1967 etc). This, according to Miall (1996), is typical of many basin margins 
and are formed by proximal gravel-bed rivers consisting of a shifting network of 
unstable, low sinuosity channels (see. also Boothroyd & Ashly 1975; Boothroyd & 
Nummedal 1978). 
The upper part of the succession, with its dominantly massive sandstone and with 
isolated, erosive based conglomeratic horizons, resembles flashy, ephemeral 
sheetflood deposits of sandstone and conglomerate, as described by Miall (1977, 
1978, 1985), although having slightly coarser material than describe in this example. 
Laterally extensive, erosively based conglomerates are interbedded with fine- to 
medium-grained muddy sandstones, which are interpreted as representing high- and 
low-energy deposits from ephemeral sheetfloods across an alluvial plain. These are 
seen as the distal equivalent of the succession logged at Yurtbasi. Similar deposits are 
described from the Devonian Trentishoe Formation of North Devon (Tunbridge 1981, 
1983, 1984). Thus, the facies association described above is interpreted as 
representing a north-flowing braided alluvial plain environment that was subject to 
ephemeral, flash-flood conditions in a semi-arid climate. The most proximal sediments 
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exposed consist of slope-weathered mantle that was subsequently reworked, by 
braided, low sinuosity streams, with the sediment fining in the direction of transport 
and with height in the section, probably due to the surrounding basement becoming 
subdued by sedimentation and erosion, thus decreasing the coarse clastic input. Iron-
pan cementation is a secondary event, with iron minerals leached from the overlying 
lava, preferentially cementing the coarser, sorted, more permeable layers that allowed 
groundwater throughflow. 
3.3.2.5 	Fine grained/tuffaceous sediments 
A 200-300 metre thick succession of fine-grained, pale sediments that become 
interbedded with siliciclastic ash-fall tuffs is present in the centre and northern parts of 
the Selendi Basins (Fig 3.42). These deposits are easily recognised in the field due to 
their pale colour which contrasts with other sediments. They can be seen to 
conformably overlie the sandstone and conglomerate facies described in Section 
3.12.4, and they also passively onlap the eastern and western margins of the basin 
(Chapter 2). This sediment is dominated by friable, fissile mudstones and siltstones, 
interbedded with erosive-based sandtones and siltstones that exhibit channel-shaped 
geometries up to a few metres thick in places. These pass into mudstones and micritic 
limestones, interbedded with pale grey, fine- to medium-grained tuff horizons, that are 
poorly consolidated and weathered in parts. The sediments, in general, are well 
bedded and relatively flat lying with a dip of only a few degrees, in general towards 
the north. The mudstones are highly fossiliferous in places, containing freshwater 
bivalves and gastropods. Soil horizons can be observed, along with very rare trough-
cross-bedded conglomerate lenses. Towards the north of the basin, the succession is 
dominated by clean, microcrystalline/micritic limestone horizons, which are 
interbedded with coarse, friable, micaceous tuff deposits, that have a brecciated 
appearance near the upper part of the section. Two successions were made to 
describe the exact nature of the sediments; one was taken close to the base of the 
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southernmost part of the exposure, a few kilometres to the south of the village of 
Selendi, with the other site located near the upper part of the succession a few 
kilometres to the north of Selencli (Fig. 3.42). 
Selendi road section 
A well exposed succession that cuts the southern margin of the basin on a road 
cutting, between the village of Selencli and the main Izmir-Ankara highway (Figs. 3.42 
& 3.60). The basal part of this mainly comprises poorly-cemented grey-brown mud-
and siltstones that are structureless and interbedded with carbonate-cemented lithic 
sandstones. These sediments coarsen upwards from fine sandstones to coarse 
sandstones with few larger (cm sized) quartzite lithoclasts. Palaeocurrent direction, 
determined from cross bedding, is towards the NW. Many horizons exhibit a 
secondary, rusty orange staining. Fine-grained limestone microspar, rich in organic 
material and rootlets, is encountered 5 metres above the base (Fig. 3.61). This type of 
sediment continues for approximately 20 m, until a distinct soil horizon is 
encountered; this is is dark brown to black, and rich in organic and pedogenic 
caicretised material (Fig. 3.61). Two other, distinct soil horizons are visible a few 
metres above this horizon. Also at this level in the succession, there is a very well 
exposed channel body (2 m thick), filled with silt- to medium-grained sandstone (Fig. 
3.61). The sandstones comprise lithic-fragments of quartzite, plagioclase and mica set 
in a porous matrix and cemented by a fine-grained carbonate (Fig 3.62). The channel 
has a very strong erosional relief, pinches out laterally after several metres, and is also 
strongly cross-bedded, with a palaeoflow direction again towards the NW. The 
succession becomes dominated by massive, grey mudstone that is heavily fractured, 
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Figure 3.60: Measured stratigraphic log of fine-grained/tuffaceous sediment, 
Selendi Road succession, for key to log see Appendix 4. 
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Figure 3.61: Outcrop near the tiic o f the Selendi L'uau succession, showing the 
fine, fissile nature of the sediment, a well preserved silt-rich channel (sc) and dark 
brown palaeosol (p). 
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After 40 metres, the sediment is dominated by massive, grey, fine-grained ash which, 
in places, has a spherulitic texture and is strongly fractured (Fig. 3.63). The upper 
bedding surfaces of the fine mudstones that occur at this level also exhibit mudcracks. 
Extensive calcite veining is present throughout different beds at this level. Carbonate 
cemented lithic sandstones persist, though tend to be quite thin (cm) and isolated. 
The upper third of the section coarsens upwards, becoming rich in trough cross-
bedded sandstones and gravel conglomerates that are cemented with calcite spar and 
show some vague bioturbation. Also present at this level within the succession (70 in 
above base) is a fossiliferous siltstone containing many well preserved Unio 
(bivalves), Viviparus and Neritinids (gastropods), all of which are freshwater fauna 
(N. Morris, pers. comm. 1997) but lack age diagnostic characteristics (Fig. 3.64). 
The uppermost part of the section is influenced by the presence of fine-grained, 
unwelded tuffaceous sediments (Fig 3.65). Small volcanic bombs (3-5 cm) are 
present within fine sandstones and siltstones at this level. 
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Figure 3.62: Photomicrograph of fine-sandstone from the Selendi Road section. 
Contains angular quartz grains , rare feldspar and deformed mica in a micritic cement. 
(XPL 20 x magnification). 
Figure 3.63: Outcrop of well bedded ash and carbonate near the upper part of the 
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Figure 3.6. internal mould of articulated Unio (bi-valve), well preseved on 
siltstone bedding surface and surrounded by small, Viviparus gastropods (from the 
Selendi Road succession). 
Figure 3.65: Photomicrograph of unwelded, vitric tuff from the uppermost part of 
the Selendi road succession. Section is very glassy with no lithic fragments.(PPL 8 x 
Magnification). 
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North Selendi succession 
Approximately 7km north of the town of Selendi there is a well exposed cliff section 
marking the uppermost level of sedimentation within this part of the basin (Figs. 3.42 
& 3.66). Approximately 40 metres of succession is exposed, with the basal portion 
consisting of thinly bedded mud and siltstone that show some lamination. These units 
are moderately cemented and interbedded with thin erosively-based sandstone 
horizons that exhibit fine gravel lags consisting of quartzite and schistose lithologies 
plus some rip-up clasts of finer-grained lithologies. The sandstone horizons also show 
some trough cross-bedding. The clastic-rich horizons cease after a few metres with 
the succession dominated by interbedded mudstones and siltstones. After 
approximately 15 metres the sediment becomes inundated by laterally extensive, fine-
grained, iron-stained, tuffaceous sediment. These tuff horizons are interbedded with 
siltstones, and appear to coarsen upwards with fresh, euhedral micas (visible with the 
naked eye) set in a fine, grey ashy matrix. The interbedded siltstones give way to 
hard, well cemented, grey/off-white micritic limestone. Tuffs from this locality were 
sampled for radiometric dating (see Chapter 5) and are important due to their 
stratigraphic significance allowing control of the basinal sedimentary successions. 
Some thick, tuffaceous horizons show convolute lamination, giving a slumped 
appearance. The limestone near the upper part of the succession appears to pass from 
well consolidated material, rapidly upwards and laterally, into broken, angular 
material (Fig. 3.66) with the conglomerates appearing to be intraformational. This 
pattern of tuff and limestone continues to the upper surface of the succession, which 
also represents the uppermost level of sedimentation in this part of the basin. 
Interpretation 
The fine grained nature and regularly bedded, laminated structure of the fine-
grained/tuffaceous facies association indicates a fairly quiet environment of 
deposition. The development of coarse siltstone sandstones that are cross-bedded and 
have erosional relief, plus a lenticular morphology, indicates some fluvial influence 
and continued clastic input. Closely associated with these coarse deposits are 
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Figure 3.66: Measured stratigraphic log of fine-grained/tuffaceous sediment from 
north of Selendi succession. For key, see Appendix 4. 
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palaeosols that exhibit caicretisation and extensive root remains indicating subaerial 
exposure in a semi and climate (e.g. Tandon & Gibling 1994; McCarthy & Elleiy 
1995). The presence of mudcracking and soil development also point to shallow-
water conditions and periodic exposure. Freshwater bivalves and gastropods are 
common, and all these factors indicate a lacustrine environment of deposition (e.g. 
Picard & High 1972). These lacustrine deposits fine towards the north (the axis of the 
basin). They were then inundated at higher levels by silicic airfall tuff deposits. Near 
the upper level of the succession, the tuffs are interbedded with micritic limestones 
that are either primary inorganic precipitates and/or the product of calcareous shells, 
encrusting or skeletal organisms (Kettes & Hsu 1978; Allen & Collinson 1986). The 
lenticular appearance of the massive limestone near the top of the section with 
surrounding breccia is interpreted as probably being due to basin floor instability 
during the volcanic activity that was responsible for the tuffs (Kale et al. 1998). Thus 
the sediments of this formation are interpreted to represent a large, shallow, 
freshwater lake that fluctuated in depth and size during its existance and, in its latter 
stages, was inundated with tuffaceous material. The lake developed after the main 
tectonic events that unroofed the MMC with the sediments passively onlapping the 
basement lithologies on all margins, as described in Chapter 2. 
3.3.2.6 	Quaternary basalts 
Much of the southern margin of the Selendi Basin, around the town of Kula, is 
covered by Quaternary basalt lava flows, that range in age from 1.lMa to 30Ka 
(Bunbury et al. 1991). These lavas cap much of the sediment on the southern basin 
margin and may have been a source for much of the iron that cements the underlying 
sediments and gives an orange stained colour. The erosively resistant basalt has 
protected the relatively poorly consolidated sediments beneath, giving a distinctive 
landscape to this part of the basin (see Fig. 3.58). 
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3.3.2.7 	Conclusions 
The sedimentary record in the Selendi Basin begins with a few hundred metres of 
coarse, moderately-sorted, sheet-flood, alluvial fan conglomerates shed northward. 
The sediments were emplaced onto the basement at steep angles (20500). 
. These were, unconformably overlain by a thick (500-700 metre) succession of 
braided fluvial/alluvial plain sandstones and conglomerates, that are moderately 
sorted and again have a palaeoflow direction towards the north, indicating a 
northwards sloping basin floor. They can be seen to onlap the basement lithologies 
and as such, are interpreted as being post initial extensional exhumation of the 
MMC (Chapter 2). 
• These alluvial plain sediments were then conformably overlain by a succession (2-
300 metre thick) of finely laminated lacustrine sandstone, siltstone, and mudstones 
that are then interbedded with, silicic air fall tuff deposits. The clastic sediments 
contain palaeosols indicative of a semi-arid climate with rainfall being sufficient to 
generate a large fluctuating lake. Palaeocurrent information from the finer-grained 
sediments indicates an internal drainage pattern. The tuffaceous sediments appear 
to have brought to an end the depositional regime within the Gordes Basin. 
• The basin fill is seen to be cross cut by rhyo-dacitic, intrusive volcanic bodies 
towards in the north of the basin (See Chapter 6). The sediments are dated as 
Early Miocene (19-15 Ma) using these igneous cross-cutting relationships with 
new Ar/Ar ages from tuff horizons in the upper part of the basin fill (See Chapter 
5). 
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3.4 	Discussion 
The extensional basins located near the northern margin of the MMC including the 
Selendi & GOrdes Basins, are extremely important to understand the extensional 
evolution of western Turkey (Sengor et al. 1985; Sengor 1987; Seyitoglu & Scott 
1991; Seyitoglu et al. 1992). The absolute age control, in both basins, provided by 
both cross-cutting volcanic intrusive bodies (Seyitoglu 1992) and stratigraphically 
significant interbedded tuffaceous deposits (this study: Chapter 5) provides a reliable 
stratigraphic framework that is not present within the E/W trending grabens e.g. 
Alasehir. Integration of the sedimentary evolution of the northern basins, detailed 
structural analysis, along with the same information in the E/W basins provides the 
key to understanding the extensional history of the area. This section aims to discuss 
the main points and to present a unified picture of sedimentary evolution which will be 
compared to previous work, before being compared to other analogies. This will then 
be compared to that for the Alasehir Graben (Chapter 4) in Chapter 7. 
3.4.1 Summary and comparison of the sedimentary evolutions of the Gördes and 
Selendi Basins 
The sedimentological evolution of both the Gördes and Selendi Basins can be seen to 
be very similar in both sediment type and architecture. Both basins contain an initial 
sequence of steeply dipping, coarse alluvial fan conglomerates that are interpreted as 
being syn-tectonic with relation to the unroofing and exhumation of the MMC (Purvis 
& Robertson 1997, 1998) (See Chapter 4). In both cases the sediments are poorly 
sorted and have limited exposure in the centre of each basin; i.e. the deepest level of 
exposure in Selendi, and where uplifted, in the Gördes Basin. Both basins show a 
subsequent phase of alluvial/fluvial plain sedimentation that unconformably overlies 
the initial strongly tilted phase and also passively onlaps the basement lithologies of 
the MMC on all margins. Similarly, the sediments fine upwards and laterally into fine, 
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lacustrine sandstone, siltstone and mans that exhibit soil development, mudcracking, 
rippling and an extensive freshwater fauna that are interpreted to represent large, 
inwardly draining, fluctuating freshwater lakes. In both basins the sediments become 
interbedded and heavily influenced by volcaniclastic tuff deposits in the upper levels, 
although these deposits are thicker and more prevelant in the Gordes Basin than in the 
Selendi Basin. Rhyo-dacitic intrusive bodies that cross-cut the basin fill are also 
present in both basins giving an Early Miocene age for the sediments (See Chapter 
5)(Seyitoglu et al. 1992; Seyitoglu 1997). Thus, the Gordes and Selendi Basins are 
interpreted to have had a similar, contemporaneous sedimentary evolution. Little or 
no sedimentation is taking place today, with both basins showing dissection and 
external drainage towards the Aegean via the Gediz, Selencli & Gördes Rivers. 
3.4.2 Comparison with previous work 
The sedimentary model proposed for the Gordes and Selendi Basins simplifies that 
proposed by Seyitoglu (1992, 1997). Seyitoglu (1992, 1997) state that all the 
sediments are syntectonic and related to extension on east and west dipping, high 
angle normal faults on the east and west margins of the basins. In comparison, we 
recognise no high angle faults at all in these locations (Chapter 4). Instead we observe 
a north-dipping, low angle (200) surface onto which the earliest sediments dip strongly 
(Purvis & Robertson 1997, 1998; Verge 1993). We also interpret the subsequent 
sediments in both basins as being deposited after the extensional tectonic event 
responsible for the exhumation of the MMC and back-rotation of the initial sediments 
(Chapter 4). The dramatic similarity between the sediments of both basins has also 
not been highlighted before, although Seyitoglu (1992, 1997) recognised that both 
basins evolved contemporaneously. The sedimentary model presented here represents 
a much wider regional understanding of the sedimentary development of the area into 
which the structural history can be integrated to provide an overall tectono-
sedimentary model for the region. 
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3.5 	Conclusions 
• The Gördes and Selendi Basins show a very similar, coeval sedimentary evolution 
for the Early Miocene. 
• Initial sedimentation, in both basins, consists of poorly sorted, angular to sub-
round conglomerates interpreted as alluvial fan deposits. The sediments are locally 
sourced from metamorphic/ophiolitic rocks of the MMC and were deposited as 
debris-flows and sheetfloods flowing towards the north. In both basins these 
sediments are poorly exposed and limited to the deepest, or uplifted parts of the 
basin fill. These sediments are strongly dipping towards the SW into the basement 
(Chapter 2). 
• Subsequent sediments unconformably overlie the earliest deposits and consist of a 
series of fluvial/alluvial sandstones and conglomerates that fine upwards from 
braided stream deposits into finer-grained alluvial plain sandstones and 
conglomerates. These deposits exhibit a northwards palaeo-current direction, 
indicating a northward-sloping basin floor; these are also flat lying, and passively 
onlap the surrounding basement lithologies. 
• These sandstones and conglomerates pass conformably and laterally into fine-
grained lacustrine siltstones, mudstones and carbonates that exhibit caliche 
palaeosol development, mudcracking and an extensive freshwater fauna. These 
fine-grained sediments show northward and centripetal palaeocurrent pattern and 
are interpreted to represent a closed drainage basin. They passively onlap the 
basement lithologies and pass laterally into localised, coarse, angular, scree 
deposits at the basin margins. 
• The upper part of the lacustrine facies becomes dominated by fine, silicic, air-fall 
tuffs. These contain fresh, euhedral biotites and feldspars suitable for radiometric 
dating, thus giving stratigraphically significant age control on the upper part of the 
basin-fill (See Chapter 5). 
• Pollen spores from lignite deposits within the sandstones and finer lithologies, in 
addition to calcified palaeosols, indicate a semi-arid climate, with development of 
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the lacustrine bodies interpreted to represent a slightly wetter climate than that 
seen today. 
• The sediments of both basins are cross-cut by intrusive, rhyo-dacitic rocks that 
have been radiometricaily dated (K/Ar) as between 15-19 Ma (Early Miocene) 
(Seyitoglu et al. 1992; Seyitoglu 1997). The intrusions were also reponsible for 
uplifting, folding and deforming parts of the basin-fill. 
• Present-day sedimentation is limited to minor river alluvium with the drainage 
pattern having become external out towards the Aegean, probably reflecting more 
recent faulting and uplift. 
• This model differs vastly from previous authors (Seyitoglu 1992, 1997), with a 
lack of syn-tectonic fault control on the middle and upper part of the basin-fill. The 
basal, coarse elastic sediments that dip strongly into the basement are interpreted 
as being syn-tectonic (Chapter 2), whilst the rest of the basin fill passively onlaps 
the basin margins which have gentle relief and are not fault controlled. 
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Chapter 4: 
SEDIMENTOLOGICAL EVOLUTION OF THE ALASEHIR GRABEN 
To fully understand the regional extensional evolution of the Alasehir Graben, it is 
important to accurately describe and document the sedimentary style and architecture 
of the basin. Important information concerning the tectono-sedimentary evolution of 
the region is contained within these sediments and their integration with data 
regarding the structural evolution of the basin (Chapter 2) will shed light on the 
regional development of extension. The specific objectives of this chapter are to 
develop an integrated model of the alluvial fan/fluvial system, influenced by a semi-
arid climatic regime in an area of through-drainage, and extending continental crust. 
It is apparent that the Alasehir Graben represents an outstanding example for the 
study of the sedimentary response to extending continental crust and can be regarded 
as a type locality for a continental axial draining basin. Many similarities can be seen 
with other regions of extending and extended continental crust although it is clear 
that the specific patterns of sedimentation within the basin are directly governed by 
the interaction of sedimentary provenance, the local tectonic conditions and the 
climatic regime within the catchment area of the basin at the time of deposition. All 
these factors combine to produce a unique model, but one also that can be applied to 
other areas if the tectonics, climate and sediment supply of each basin are taken into 
account. 
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4.1 	Basin Outline 
The Alasehir Graben, situated in Western Anatolia is an approximately E-W trending 
structure, over 150km long (Fig. 4.1). The graben is often refered to as the Gediz 
Graben, after the Gediz River which flows through much of the basin, although the 
town of Gediz is located 80 km to the NE. For this reason, the term Alasehir 
Graben, after the town of that name located within the study area, is preferred. The 
basin ranges in width from >40km at the western end, but narrows eastwards until it 
dies out in the vicinity of Sarigol (Fig. 4.2). The basin overlies the Menderes 
Metamorphic Complex (MMC), which forms an elongate culmination (200 x 300 
km), mainly consisting of granitic augen gneiss, schist, phyllite, quartzite and marble 
(e.g. Dora et al. 1990; Fig. 4.2). In this study, a large (40 km) transect on the 
southern margin of the basin, between Salihli and Alasehir, was examined (Fig 4.3). 
A smaller (15 km) transect was studied on the northen margin around Kemaliye and 
Toygari (Fig. 4.3). 
The geomorphology of the basin is dominated by a series of east-west trending 
normal faults (see Chapter 2). A strong asymmetry exists within this pattern of 
faulting with the major basin bounding faults occuring on the southern margin and 
with only a few small scale faults present on the northern margin. Thus whilst the 
basin is known as a graben, the dominant morphology is one of a half-graben, with 
this being accentuated by the steep rugged hinterland that borders the basin to the 
south compared to the rolling plateau that typifies the region to the north of the 
graben. 
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Figure 4.1: Map of west Turkey, showing Neogene sedimentary basins, with the 






Figure 4.2: Simplified geological map of the eastern part of the Alasehir Graben with the region mapped indicated. 
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Figure 4.3: Map of the Alasehir Graben study area showing the location of places mentioned in this study and structural cross 
sections (see Chapter 2). 
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4.2 	Chapter organisation 
After an outline of the previous work on the area (section 4.3) the sediments from 
the Alasehir Graben will be subdivided into facies associations in chronostratigraphic 
order. Each facies association will be described and then interpreted, in terms of its 
distribution, volume, texture, composition, matrix and cement. Diagenesis, 
hydrothermal alteration and lateral variation will also be considered with specific 
attention being given to the shape and geometry of the facies associations. The 
sedimentary history of the basin will be summarised, before discussion of the wider 
implications of these results for sedimentation in extending terrains. 
4.3 Previous work 
Previous work on the Alasehir Graben focussed, either on the structure or the 
sedimentology of the graben, with few integrated studies concerning both aspects of 
the basin evolution. The graben fill was explored for minerals and geothermal 
potential (Arpat & Bingol 1968; Yilmaz 1986; Iztan & Yazman 1991). Structural and 
sedimentary analysis were presented by Yagmurlu (1987). He concentrated on the 
sediments in the vicinity of Salihli, on the southern margin of the basin, and divided 
the Neogene sediments into two clastic units, one unconformably overlying the other. 
Iztan and Yazman (1991) also recognised two separate sequences, with the lower 
Alasehir Formation consisting of fluvio-lacustrine sediments being unconfomably 
overlain by the coarse, clastic Gediz Formation. Yagmurlu (1987), estimated the 
thickness of sediment on the southern margin as 1500 metres ntrast to a much thinner 
(-600 m) of carbonate mudstones and clastic rocks on the northern margin. He 
interpreted this to represent an initial half-graben structure that became more 
symmetrical in the Quaternary through continued faulting. These findings were 
reinterpreted by Seyitoglu (1992) as part of a study into the age of initiation of 
extension in western Turkey (see Chapter 5). More recently, Paton (1992) examined 
the large scale fault-related geomorphology and drainage of the basin in which he 
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suggests that axial drainage is important and rivers cut through the line of the fault at 
the end of fault segments, producing large fans where the footwall lithology is 
resistant. Paton (1992) also suggests that wher the footwall lithology is made up of 
poorly consolidated sediments the drainage is generally in linear valleys. Cohen et al. 
(1995) conducted the only detailed structural/sedimentary synthesis of the basin, but 
this was restricted to a small area on both margins, in the vicinity of Alasehir (Fig. 
4.3). They recognised an early lacustrine facies succeeded by three alluvial fan facies 
and a fluvial facies on the southern margin. These authors interpreted the northern 
margin as comprising a fluvio-lacustrine series of sandstones and marls interbedded 
with coarse fan-delta conglomerates. 
Limited age data exist for the sedimentary fill of the Alasehir Graben. The previous 
studies cited above infer the age to be Mio-Pliocene in age. Arsian (1984) interpreted 
Hipparion teeth from Manisa to indicate a Tortonian age for the oldest sediment, with 
Emre (1988) suggesting a Pliocene age for the youngest sediment present, from 
lacustrine fauna. More recent work (Seyitoglu 1992), has utilised Cenozoic 
sporomorph assemblages (after Benda et al. 1974; Benda & Meulenkamp 1979). 
Whilst the graben fill contains no volcanic rocks (other than a previously undated 
andesitic lava dome; Chapter 5) with which to isotopically date the sediments, lignite 
horizons are locally present with seams up to 5cm thick. Seyitoglu (1992) sampled 
one seam from near çalitli village (Fig. 4.3) which was found to contain an Eskihisar 
sporomorph assemblage (documented by Benda in Seyitoglu 1992). This is 
interpreted to indicate a middle Burdigallian-middle Serravallian age (19-20 to 14-15 
Ma) for the oldest sediments (Benda et al. 1974; Benda & Meulenlamp 1979, 1990; 
Seyitoglu et al. 1994). The younger sediments are interpreted as being possibly 
Pliocene or Middle Miocene (Seyitoglu & Scott 1996). Ediger et al. (1996), who as 
part of an investigation into possible hydrocarbon source rocks in the basin, have 
suggested an Early-Middle Miocene age for the oldest sediments and a Middle-Late 
Miocene for later sediments. This work is summarised in Fig. 4.4. 
Authors Sedimentary interpretation Structure Other conclusions Age 
Arpat & Bingol (1984) Limited Limited. Exploration surveys for mineral Mid-Miocene 
Yilmaz (1986) resources. to Pliocene? 
Yagmurlu (1987) 2 clastic units seperated by an Initial half-graben Basinward migration of Miocene - Quaternary 
unconformity, Coarsens & listric faulting sediments. 
upwards 
Iztan & Yazman (1990) 2 units - fluvio-lacustrine at the Limited Hydrocarbon potential survey Mid-Late Miocene to Late Pliocene 
base, overlain by clastic (none) 
lithologies  
Paton (1992) Axial drainage important - Extension = 6-10km, Geomorphology and Tortonian to Messinian. 
large fan development faults segmentedi3 drainage controlled by faulting 
factor--1.2-1.3 
Seyigtoglu (1992) 2 formations - little Limited - Early-Middle Miocene to Pliocene? 
Seyitoglu & Scott (1996) interpretation  
Cohen et al. (1995) Initial lacustrine facies overlain Extensive high angle - - 
by 3 alluvial fan facies and a normal faulting - 
fluvial system. N margin is basin ward 
fluvio-lacustrine. migration. 
Ediger et al. (1996) Limited Interpreted palynology as part Early-Middle Miocene for the 
of investigation into possible oldest sediments. Later sediments 
hydrocarbon source rocks. = Middle-Late Miocene 
Figure 4.4 	Summary of major sedimentological work and conclusions in the Alasehir Graben. 
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4.4 	Facies Description 
Regional mapping of the Alasehir Graben enables an accurate documentation of the 
facies associations and facies relationships over a large area on both sides of the basin. 
These relationships are shown on a map (Fig. 4.5) and also as a schematic section. 
This section is compared with those of previous workers (Fig. 4.6). The facies 
associations described in this study will be used to produce an integrated model of the 
sedimentological evolution of the basin. In this study we use broad facies associations 
to break down the basin fill into gross depositional environments Initially the southern 
margin will be examined, before moving on to the northen margin of the graben. 
4.4.1 Southern margin of the Alasehir Graben 
The sediments on the southern margin of the transect area (Fig. 4.5) are moderately 
well exposed and moderately to porly consolidated. Present day, lateral drainage 
channels within the sediments have been exploited by man with most access roads and 
settlements being located in, or near to, these features allowing large areas of 
sediment to be mapped with confidence. The sediments described below, will be dealt 
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This study 
Quaternary sediment 
High angle faulting. 
rift phase 2 •. 
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Figure 4.6: Schematic succession of the facies associations determined in this 
study compared with previous workers. 
4.4.1.1 	Fine-grained laminated carbonates and interbedded conglomerates 
Description 
The basal formation of the basin fill consists of a fine-grained succession of carbonate 
mudstones and siltstones interbedded with coarse, gravel-sized conglomerate 
horizons. The geographical distribution of this facies is very limited in the graben and 
is only seen to crop out in the eastern part of the transect (Fig. 4.5) in the vicinity of 
Alasehir, adjacent to the basement (an area of —5km 2). The outcrop in this area is 
extensively cut by high-angle normal faults, which expose the sediment. In the 
vicinity of Karakirse, the basement is directly overlain by fine-grained, yellow/brown 
sandy limestone with the basement appearing very disrupted, with angular clasts of 
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schist and marble cemented in-situ.(Fig. 4.7). The sediments then passes upwards 
into a series of fissile, interbedded, fine-grained sandstone and limestone horizons. 
These pass into carbonate-rich mudstone horizons, which contain large amounts of 
plant fragments although no other fossils are observed within this facies. Above the 
mudstones, in erosive contact, is a thick horizon (4m) of poorly sorted angular breccia 
comprising metamorphic clasts that are well cemented by calcite (Fig. 4.8). Clasts 
range in size from fine gravel to cobble and vague cross-stratification can be seen 
within the unit. An overall fining-upwards trend is seen and this passes into coarse, 
poorly-sorted, carbonate-rich, rippled sandstone. This sandstone unit is overlain by a 
pale grey, nodular limestone in a sandstone matrix. This is cut into by a series of wide 
(several metres), erosional-based channel bodies containing horizontally stratified, 
imbricate angular clasts of metamorphic rock ranging in size from cobble to gravel, 
again within a sandstone matrix. An overall fining-up sequence over a few metres can 
be recognised within each channel body and clast imbrication and cross-bedding 
orientation indicate a NNE palaeocurrent direction. Large-scale foreset bedding 
structures are visible at higher levels within the coarse clastic horizons. The maximum 
exposure in this locality is <100 m. 
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Figure 4.8: Measured stratigraphic log of sediment from Karakirse, southern 
margin of the Alasehir Graben. 
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In comparison, this fine-grained sediment can also be seen to crop out extensively in 
the area close to Osmaniye dipping up to 35 ° to the south (Fig 4.3 & 4.5). In this 
locality the sediment is dominated by several metre-thick horizons of fine-grained 
fissile lithologies similar to the basal section of the Karakirse succession (see above). 
A section measured in a narrow gorge (GR 293 454) is shown in Fig. 4.9. In general, 
the basal part of the succession is totally dominated by thin beds of massive, fine 
grained, laminated sand which contain numerous pyrite nodules and small fragments 
of lignite (Fig. 4.10). These laminated sandstones show some channel base 
morphology, with vague erosive contacts, and alternate with thin bedded, laminated 
dark brown to black mudstones. These sediments grade into a 4 metre thick unit of 
distinctive, rhythmically alternating light-grey to dark-grey mudstones on a cm to mm 
scale (Fig. 4.11). Above this horizon there are alternating beds of fissile mudstones, 
siltstones and fine-grained sandstones, all carbonate rich with very few sedimentary 
structures. Higher in the succession, some horizons begin to show extensive 
deformation in the form of folding and shearing (Chapter 2), although this is limited to 
individal bed sets and is not pervasive. At this level, small soft-sediment deformation 
features are also seen in the fine-grained sandstone and siltstone beds. A few metres 
above this horizon there is a large (2 metres thick), fine-medium-grained sandtone 
body, which is generally massive, although some vague low-angle cross stratification 
is visible near the upper surface. The total exposed thickness of this facies in this 
locality is approximately 200 m. 
Mineralogy 
X-ray diffraction analysis was conducted on 2 mudstone samples from the Osmaniye 
section (3/45 & 3146). Sample 3/45 is dominated by ferroan dolomite and quartz, 
with minor amounts of analcite and kaolinite. Sample 3/46, taken from slightly higher 
in the section is dominated by analcite with ankente and quartz. See Appendix 2 for 
actual data. 
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Figure 4.9: Measured stratigraphic log of sediment from Osmaniye, southern 
margin of the Alasehir Graben. 
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Figure 4.10: Isolated lignite fragments and small pyrite nodules within fine-grained, 
laminated sandstones, Osmaniye succession. 
Figure 4.11: Rhythmically-banded dark-light grey mudstones from the base of the 
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Interpretation 
The nature of the fine-grained, fissile basal unit and its composition ranging from marl 
to mudstone indicate a quiet environment of deposition, such as a lake. The quantities 
of organic material, such as leaf matter and lignite fragments, also point to proximity 
to land, and the dark, pyritic nature of some levels is interpreted as being due to lack 
of circulation and development anoxia within the water body. Dark, well preserved 
plant fossils are commonly a consequence of anoxic conditions that develop in 
response to lake stratification (Basiliici 1997; Duck 1986; Pickard & High 1981). The 
presence of analcite may be due to the diagenetic alteration of feldspar from the 
adjacent basement lithologies. Similarly, kaolinite is probably a product of alteration, 
hydrothermally or by weathering, of feldspars from gneiss and schist from the 
Menderes Massif (Bonorino 1958). In general, this facies coarsens upwards from 
fine-grained mudstones into sandstones and then erosional based, channelised 
conglomerates. Soft-sediment deformation structures occur beneath the thick 
sandstone horizons, and the weight of these sand bodies may have resulted in 
dewatering. The structural deformation visible in certain horizons is interpreted to be 
due to tectonic movement on the basin bounding detachment fault (see Chapter 2). 
The coarsening-upward trend within the coarse, clastic horizons is interpreted as 
representing progradation into the water body with the palaeocurrent indicators 
(imbricate clasts), and large north-dipping bedset geometry indicating flow to the 
NNE. In addition, the coarse clastic sediments arranged in horizontally stratified to 
unstratified imbricate units that have wide, erosive based channelised morphology 
suggest a fan-delta environment (McPherson et al. 1988; Nemec & Steel 1988; 
Dabrio 1990; Cohen et al 1995) who have suggested that fan-deltas represent the 
interaction between heavily laden alluvial-fan systems and marine or lacustnne 
processes. The restricted exposure of this facies is due to the original, restricted 
extent of the lake at the time of deposition. 
We interpret the fine-grained mudstone and conglomerate sediments to have been 
deposited in a restricted lacustrine environment with the conglomeratic units 
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representing fan delta progradation into the lake. Small lakes are a common feature 
of the present day grabens throughout Turkey e.g. Marmara Gölu between Salihli and 
Akhisar (Fig. 4.2). 
4.4.1.2 	Coarse angular conglomerates and sandstones 
General description 
This association of sediment is extremely distinctive in both colour and outcrop 
pattern. It tends to be strongly reddened and well consolidated, with dips of up to 600 
topwards the basement. In the east of the mapped area it can be seen to overlie the 
lacustrine/fan delta facies described above; where this is absent the conglomerate and 
sandstones can are in direct contact with the basement lithologies (Fig 4. 5), as seen 
throughout the area mapped. Numerous sections were measured and observed for 
comparison along the southern flank of the basin (Fig. 4.3). 
In general, this facies association consists of coarse, poorly sorted, angular to sub 
angular, moderately, to well cemented, conglomerates interbedded with coarse, 
angular sandstones which have a muddy matrix. Bedding dips range from 15600, 
mainly to the south and the main detachment surface (Chapter 2). Clast type is 
completely dominated by metamorphic lithologies (schist, quartzite and phyllite). The 
clast size ranges from millimetre to metre-sized blocks in some areas (e.g. 
Horzumkeserler. Conglomerates are mostly matrix supported showing good 
induration with exposure being less friable than other sediments in the basin. Colour 
ranges from, grey to dark red, with red being the dominant colour. 
Yesilkavak/catak succession 
A succession measured between Yesilkavak and catak (Fig 4.13) is exceedingly well 
exposed and exibits most characteristics of this facies. The basal part of this 
succession is dominated by red/brown sandstone, is rich in angular granules up to 2 
nini in size (Fig. 4.12). Larger clasts up to 3 cm are rare, but present in the matrix. 
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Bed sets are tabular and range from centimetres to metres in thickness. The lower 
bedding surfaces exhibit erosive, undulatory contacts. Low-angle cross-bedding is 
evident at this level, with coarse gravel and cobble sediment becoming common, with 
a muddy-fine sandstone matrix supporting these clasts. Narrow channel-shaped units 
are visible, with an overall coarsening-up signature. Fine sandstone units, within the 
coarse lenses, exhibit rippled upper surfaces and wavy lamination. Clast imbrication, 
channel morphology and cross-bedding, indicate NNW palaeocurrent directions for 
these sediments (Fig. 4. 14). The upper portion of the measured succession shows an 
increase in the coarser fraction with cobbles and small blocks being more prevelant 
(Fig. 4.15). Lenses of this material range up to 2 m in thickness and by 10's of metres 
in width, pinching out into sandstone matrix. In thin section, the sandstone matrix is 
dominated by angular clasts of metamorphic-quartzite rock fragments, with rare 
biotite and feldspar grains cemented by iron oxide (Fig. 4.12). Bed thickness 
increases gradually at this point in the section with clast supported textures becoming 
visible for the first time. Large blocks are draped by overlying sandstone units. Block 
size incre:ic to Im in diani.ctcr toward the upper level of the succession. 
MM 
Figure 4.12: Photomicrograph of poorly -"i :.l 	sal-id-stone 1ruin the base  ol the 
Yesilkavak section. Deformed mica, surrounded by metamorphic Inhic fragments, 
with interstitial iron oxide and calcite. (XPL 10 x Magnification). 
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Figure 4.13: Measured stratigraphic log of sediment from the Yesilkavak 
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Figure 4.14: Geological map of the Alasehir Graben study area, showing palaeocurrent data from imbricate clasts within the coarse 
angular conglomerates and sandstones. Also shows sites of measured successions in this sediment 1) Yesilkavak 2) Horzumkeserler 3) 
Gokçealan 4) Yenipazar. 
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Figure 4.15: Outcrop of coarse, well cemented conglomerate, interbedded with 
coarse sandstones from the Yesilkavak succession. Note strong dip towards the 
south. 
203 
Chapter 4: Alasehir Graben sedimentology 
Yenipazar succession 
The conglomerate and sandstone sediment association is also well exposed in a river 
valley 21um south of Yenipazar (Fig. 4.17). In this vicinity, the sediment is slightly less 
consolidated and rather more muddy than in the Yesilkavak/çatak succession 
described above. It is dominated by thin (-.50cm) beds which have strong erosive 
based, channel morphology with distinct fining-upwards cycles, from coarse clast-
supported pebble and gravel lags passing into poorly sorted, matrix-supported 
conglomerate. Channels appear to be laterally continuous over more than 5 metres, 
before pinching out and appear to have a sheet-like morphology. Trough- and low-
angle cross-stratification are visible in finer-grained units of sandstone and gritstone. 
Again, the sediment is dominantly red/brown in colour with bedding dips 40 ° towards 
the south. Clasts are angular and predominantly bladed in morphology with strong 
imbrication visible. Clast size ranges from mm to cobble grade sediment, with schist, 
phyllite and quartzite being the main type(Fig. 4.16). 
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Figure.4.16: Graph showing number of clast types from the coarse conglomerate 
layers within the conglomerate and sandstone facies from the Yenipazar succession. 
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Figure 4.17: Measured stratigraphic log of sediment from Yenipazar, for key to log 
see Appendix 4. 
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Horzumkeserler succession 
For comparison, another succession was measured in the eastern part of the study 
area (Figs. 4.14 & 4.19). This succession was chosen, as it shows significant 
variations from the described succesions above. Clast size ranges up to very large 
blocks, in excess of 1 m in diameter. Clast type is also different to that seen elsewhere 
in this facies, with the major component being andesitic volcanic rock which appears 
to be similar in hand specimen to the outcrop of andesite lava exposed on the north 
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Figure 4.18: Graph showing number of clast types from the conglomerate and 
sandstone sediment in the Horzumkeserler succesion. 
The morphology of the bedding planes is strongly undulatory with the basal contacts 
being strongly erosive, cutting down into the underlying beds with individual bedding 
units up to 3 m in thickness (Fig. 4.20), but laterally up to at least 15 metres. The 
clasts tend to be sub-rounded to sub-angular and clast supported, within a muddy-
brown siltstone matrix. Both coarsening- and fining-upwards units are observed. 
Vague low-angle cross stratifiction is seen in finer horizons (silt-gravel). 
Palaeocurrent indicators (i.e. imbrication and cross-bedding) indicate a NNE flow 
direction (Fig. 4.14). The colour of the sediment is slightly different from that seen 
before, with a mud-brown colour being prevelant. 
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Figure 4.19: Measured stratigraphic log of sediment from Horzumkeserler, for key 
to log see Appendix 4. 
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Figure 4.20: Outcrop of coarse-conglomerate from the HorLurnkeserler successiul. 
Steep dipping channel of poorly-sorted boulders, is interbedded with dirty, poorly 
sorted siltstone. 
Gokçealan succession 
A small succession of the conglomerate and sandstone association was measured in 
the vicinity of Gokçealan (OR 204 471, Figs. 4.14 & 4.21).. The sediment dips at 
—45°  towards the SSW, and is dominated by well-bedded, cross-laminated granule rich 
sandstones (Fig. 4.22). The coarser fraction tends to have a red/brown mudstone 
matrix. Sandstone lenses are visible within massive, structureless mudstone. 
Conglomeratic lenses are rare, with clast size ranging from fine gravel to cobble 
grade. Clasts are mainly angular/sub angular and mainly quartzite, with marble and 
schist. Clast irnbrication indicates palaeo-flow to the NW. The upper portion of this 
section is composed of interbedded massive, fine muddy sandstones and silts and 
mudstones. Assymetrical ripples are visible on some exposed surfaces. In thin section 
we can see metamorphic clasts cemented by calcite (Fig. 4.23). 
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Figure 4.21: Measured stratigraphic log of sediment from Gokçealan, for key to log 
see Appendix 4. 
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Figure 4.22: Outcrop of strongly-dipping, cross-bedded coarse sandstone/fine 
conglomerate from the Gokçealan succession. 
Figure 4.23: Photomicrograph of sandstone from the Gokçealan succession. Section 
shows angular, lithic fragments of metamorphic rock, in a calcite and iron oxide 
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Interpretation 
The coarse-grained, angular, dominantly chanelised nature of this facies, is strongly 
indictive of a high energy, actively eroding, proximal setting. The geometry and style 
of these deposits, in association with the relationship of the sediment to the basement 
is suggestive of an alluvial fan setting (after Bull 1972; Hooke 1967). Palaeo-current 
directions are all from south to north, with a distribution that ranges from NW to NE, 
in a radial pattern, dependant on location (Fig. 4.14). The Horzumkeserler 
succession, with very large blocks which are poorly sorted in a muddy matrix, is 
interpreted to be debris flow deposits (Shultz 1984; Nemec & Steel 1988; Blair & 
McPherson 1994) . These were deposited by high density, high viscosity flows 
capable of transporting very large boulders within a muddy matrix. Requirements for 
this depositional setting are sporadic runoff, with steep slopes that have minimal 
vegetation and a source rock that decomposes to produce clay. This type of deposit 
is localised and limited to the most proximal part of an alluvial fan system (Pierson 
198 1) and is typical of semi-arid climates. 
The Yesilkavak/catak and Yenipazar successions are dominated by sheets of 
sandstone and conglomerate, that are laterally continuous with some shallow 
channels. Cross bedding is common, although some horizons are massive. Little mud 
is present and sorting is moderate. Coarse sediments and cross-cutting channels are 
visible. This succession is interpreted as alluvial fan sheetflood sediments (Bull 1972; 
Nilsen 1982; Stanistreet & McCarthy 1993; Blair & McPherson 1994, 1996) which 
are sheets of sediment deposited by surges of sediment laden water that spread out 
from the end of a stream channel on the fan. Deposition is due to the widening of flow 
and slowing in velocity as the depth of flow decreases. However, the sediment in this 
vicinity is not typical of Bull's description (1972) with a large element of coarse 
sediment and poorly sorted cross-cutting channels. This may be due to the presence of 
a combination of interbedded debris-flow and sheet-flood deposits. with small cross 
cutting channelised deposits being interpreted as stream-channel deposits that back- 
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filled stream channels that were temporarily entrenched into the fan (Blair & 
McPherson 1994). 
The Gokçealan section is dominated by very muddy poorly sorted material with only 
faint sedimentary structures, this being typical of a fine-grained debris flow or 
mudflow (Nilsen 1982). All exposures of the alluvial fan material are strongly 
redened, with little or no organic matter present. The origin of this red colour within 
'red beds' has been the subject of much heated debate centering on th detrital or 
diagenetic origin for the colour (Glenme 1970;). In the Alasehir Graben, a diagenetic 
origin is most likely, with the red colour being derived from oxidisation of iron 
minerals within the sediments, which is supported by thin section observations. Initial 
sediments were probably grey to brown and rich in iron as hydrated oxdides (Van 
Houten 1973; Turner 1980). These sediments are then subjected to a strongly 
oxidising ground water regime, which is also hydrothermally driven in this area (Hot 
springs are present at the interface between the basement lithologies and this alluvial 
fan material e.g.: Hamamdere (see Fig. 4.2). This hypothesis is supported by the very 
strong red colour that is visible in close proximity of the hot springs It is thought that 
the iron hydroxides and oxides, mature in situ to produce redened deposits (Collinson 
1986; Paijmans et al. 1971). Small localised areas now show red colour, with the 
sediment being grey to brown on fresh surface and this being interpreted to be the 
primary colour. This also supports a later, diagenetic origin for the present-day red-
bed colour. Palaeo-current readings reflect a radial flow typical of point sourced 
alluvial fan deposits (Nemec & Steel 1988). 
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4.4.1.3 	Trough-cross bedded sandstones and conglomerates 
General description 
This sediment assosciation consists of moderate to poorly consolidated yellow-brown 
to red sandstones which are strongly cross-bedded and crop out over most of the 
length of the transect on the southern margin of the basin (Fig. 4.5). The relationship 
of this facies to the underlying alluvial fan material is dominated by a major normal 
fault contact that can be clearly identified in most parts of the basin by a strong 
contrast in colour across fault plains; the underlying material is strongly reddened and 
juxtaposed against yellow/brown sediments of the trough cross-bedded sandstones 
and conglomerates. Colour change however, is not completely diagnostic of the 
boundary between the two units. Certain isolated localities, such as the sand quarry on 
the Bozdag road (Fig. 4.24), show strong reddening of the sand and gravel, making 
identifiaction of the boundary more problematic. A poorly exposed unconformable 
contact can be seen in the vicinity of Yemkoy (Fig. 4.3) where this facies can be seen 
to lie erosively on top of the underlying alluvial fan material. Bedding dips within this 
unit range from 300  to the south to 100  to the north (Fig. 4.5) and are strongly 
affected by high-angle normal faults which is discussed in Chapter 2. Sandstones are 
interbedded with cross-stratified conglomerates and also bands of grey to brown 
mudstone. Clast types within the conglomerates is dominated by sub-round to sub-
angular quartzite with rarer schist and marble. Some sedimentary lithoclasts are also 
visible, although these are small (<2cm) and very rare (<1%). Maximum clast size in 
the conglomerates is 6 cm in diameter. Isolated exposures e.g. south of SalihlI (Gr 
982 585), contain lignite lenses and rare freshwater Viviparus gastropods. 
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Figure 4.24: Geological map of the Alasehir Graben study area, highlighting the outcrop pattern of the trough-cross bedded sandstones 
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Fine-grained lithologies within the sediment were subjected to X-ray diffraction 
analysis. In general, the samples were dominated by calcite, quartz, muscovite and 
feldspars with minor amounts of kaolinite (Appendix 2).. Numerous successions were 
measured along the southern margin of the Graben to characterise this facies 
association (Fig.4.24). 
Bozdag road succession 
A succession, in a large sandstone quarry, is well exposed on the road to Bozdag (Fig. 
4.25) and was measured to characterise the sediments in the western part of the 
transect (Fig. 4.27). This locality is interesting as it exhibits strongly reddened 
sandstones and interbedded muds that are not seen elsewhere in the transect (Fig. 
4.26). The basal part of the section consists of brown to red micaceous sandstone 
that is granule rich within a muddy matrix. These sediments exhibit low-angle cross-
stratifiction and have narrow channel shapes up to a few metres wide by 1 metre deep. 
Granules are predominantly sub-angular quartzite with additional schistose and marble 
fragments up to 3cm in size. Rare sedimentary lithoclasts from the underlying alluvial 
fan sediment are present (Figs. 4.28) Higher in the succession, trough cross-bedded 
gravel channels are visible up to 50cm thick with clasts up to 4cm in diameter. 
Individual beds appear to fine upwards into red/brown siltstones and mudstones. 
Gravel clasts exhibit moderate imbrication with a palaeocurrent direction to the WNW 
(Fig. 4.24). 
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Figure 4.25: View looking west of Kepez Tepe (KT) and the Bozdag road 
sandstone quarry (BR). Note the highly faulted topography and moderate southwards 
dips. 
Figure 4.26: Outcrop from the Bozdag road succession. Note the tine grained, 
muddy appearance, red colL'u:Ltitn and lenticular horizons of fine conglomerates. 
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Figure 4.27: Measured stratigraphic log of sediment from Bozdag road, for key to 
log see Appendix 4. 
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Figure 4.28 Clast types from trough cross-bedded sandstones and conglomerates 
(Bozdag Road succession). 
Bed thickness increases with height in the succession and sediment grade increases in 
size with cobbles (8cm diameter) being the largest seen. Sequences continue to fine 
upwards and strong trough- and low-angle cross stratification are visible. Near the 
upper part of the succession, distinctive fine-grained siltstones and mudstones are 
more evident with weak parallel lamination (Fig. 4.26). These are cut into by channel 
shaped bodies of low-angle cross-stratified, fine to medium grained sandstone. A 
large conglomeratic channel, 1 m deep can be seen to pinch out into the silt and 
mudstones near the top of the section. X-ray diffraction analysis of mudstones 
sediments in this succession indicate the presence of muscovite, albite, quartz, 
together with minor chlinochlore and kaolinite (See Appendix 2). 
Yesilkavak succession 
Approximately 2 km south of the village of Yesilkavak (OR 093 567) there is a 
succession where the sand and gravel facies crops out beneath a cover of coarse 
conglomeratic material (See Section 4.4.1.4)(Figs. 4.29 & 4.30). This succession was 
measured to provide direct comparison between the sandstone and conglomerates and 
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the overlying coarse conglomerate. The basal portion of the succession is made up of 
well sorted fine- to medium-grained yellow/brown sand which shows vague, low-
angle and trough cross-stratification. This is overlain by poorly sorted, sub-angular 
matrix-supported conglomerates, with a maximum clast size of 10cm. This is strongly 
trough cross-bedded and shows strong imbrication. Palaeocurrent directions are to the 
WNW (Fig.4.24). These conglomeratic horizons pinch out into the sandstone. This 
pattern continues upwards until a large erosional surface is encountered with coarse 
gravel-cobble clast supported conglomerate channel fill. Palaeocurrent readings from 
imbricated clasts indicate a northward palaeo-flow. The coarse conglomeratic unit is 
4m thick and laterally continuous towards the south, but pinches out towards the 
north. Above this distinctive horizon, trough cross-bedded sandstones are interbedded 
with matrix supported cobble grade conglomerates in channel shaped bodies up to 4 
metres wide. These beds are truncated erosively at their upper surface by coarse, 
massive, gently dipping conglomeratic material similar to the 4m thick lens present 
below, again with a northward palaeo-flow direction from imbricated clasts (Fig. 4.29 
& 4.30). 
Figure 4.29: Outcrop near the upper part of the Yesilkavak succession. 
Channelised sandstones and conglomerates (sc) are unconformably overlain by coarse 
conglomerates (cc ). 
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Figure 4.30: Measured stratigraphic log of channelised sandstone and conglomerate 
sediment from Yesilkavak, for key to log see Appendix 4. 
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SalihlilSaylik section 
A well exposed small quarry is situated on the southern margin of Salihli next to a 
road to the village of Saylik (Gr 296 594). A steep normal fault has exhumed these 
sediments and provides excellent exposure with recent quarrying producing fresh 
surfaces (Figs. 4.31 & 4.32). The outcrop cosists of yellow/brown massive sandstone 
deposits that in general, are fine to medium grained and moderately consolidated. 
Coarse granule and sand lenses exist with rare clasts up to a few cm in diameter. 
Small conglomeratic channels exist comprising sub-round, quartzite and schist, clast 
supported gravels 1-3 cm in size. These channels are up to 60 cm in thickness and 
laterally pinch out into finer grained material. Organic material is present as lignite 
fragments and small, rusty iron concretions are also visible, associated with this plant 
material. Sandstones begin to show extensive low-angle and trough cross-bedded 
forms, again pinching out into finer-grained sediments. Clast-supported gravel lenses 
are strongly erosive and can be seen to truncate other sedimentary horizons (Fig. 
4.33). Larger channels contain coarser-grade conglomerates, with clast type being 
dominated by quartzite and schist. Higher in the succession, rippled sandstones are 
visible along with strong bioturbation. Mudstone lithoclasts are present at this level, 
within coarse horizons. Palaeocurrent information from clast imbrication, indicates a 
westward palaeo-flow in this section (Fig. 4.34). 
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Figure 4.31: Measured stratigraphic log of sediment from the SalihlilSaylik 
succession, for key to log see Appendix 4. 
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Figure 4.5L: •uLiup ui 	 :i 	 iini the Sa!ihh/S aylik suxeslon. 
Exposure is good due to recent quarrying and has revealed a planar normal fault. 
Figure 4.33: Strongly cross-stratified conglomerate horizons pinching out into fine- 
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this axial-fluvial style of sedimentation are the Lower Rhine Graben, Rio-Grande Rift 
and the Hegben Lake area of Montana (Leeder & Alexander 1987). 
4.4.1.4 	Coarse, rounded conglomerates 
General Description 
This facies is seen to cap disected hilltops along the front of the exhumed basin fill, 
giving the region a characteristic geomorphological appearance (Fig. 4.25). In 
general, the sediment has a strongly erosive base, cutting into underlying sediments, 
although normal fault contacts are visible in certain areas and also seen to sit on the 
detachment surface in isolated localities e.g. near Yesilkavak (Fig. 4.34). No 
sediment is seen above this unit, but some interfingering of this facies is seen with the 
previously descibed axial fluvial material described above (see Section 4.4.1.3). 
Bedding dips are low, ranging from a maximum of 200  south to a few degrees north. 
The conglomerates are dominantly sub-angular to sub-rounded although bladed clasts 
are common in certain exposures. Clast size ranges from gravel to boulder in size, 
varying from clast to matrix supported.. Outcrop colour is dominantly brown to 
yellow although exposure in the vicinity of Hamamdere (see below) is reddened at the 
surface, with freshly exposed surfaces being grey. Clast lithology is again dominated 
by metamorphic schist, quartzite and marble, but locally, cataclasite (Chapter 2), 
granodiorite and gneiss are present. Sedimentary lithoclasts, up to boulder size, are 
also present within this facies (Fig. 4.35). Laterally, there is considerable variation 
within this facies, in both style and sediment character. Careful logging and mapping 
of outcrops was undertaken along the transect to attempt to identify and characterise 
this sediment (Fig. 4.36). The minimum total thickness is estimated to be 300-400m 
for this facies. 
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Figure 4.35: Recycled sedimentary lithoclast from underlying sediments within the 
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Figure 4.36: Map of the Alasehir Graben study area, showing the outcrop extent of the coarse, rounded conglomerate (2nd phase 
alluvial fan facies). The map also shows palaeocurrent data from imbricate clasts, individual fan lobes (1-5) determined in this study, 
that are sourced from breaks in the detachment fault (see also Chapter 2). Logged localities: a) Sart-Mustafa b) Hamamdere c) 
Yesilkavak d) Gokçealan e) Sahyar. 
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Sart-Mustafa succession 
Above the ancient archaeological site of Sart (Sardes) on the main Izmir-Ankara 
highway, is a well exposed dissected hilltop (Kepez Tepe Fig. 4.25) which is capped 
by a ruined building (>2000 years old). This succession was measured, and consists 
of red/brown conglomerate in sheets and channels interbedded with poorly sorted 
muddy sandstones and gritstone deposits (Figs. 4.37 & 4.38). The beds at this locality 
dip at 15°  towards 210*. Clasts are sub-angular to rounded and well imbricated with 
the succession appearing to coarsen upwards overall, becoming dominated by 
conglomeratic horizons and consequently less fine-grained material. The 
conglomerates are clast supported and occur in thick, metre sized beds that also 
increase in thickness with height in the succession. The base of the succession 
comprises poorly sorted, muddy sandtone layers, interbedded with granules and fine 
conglomerates. These horizons are truncated and interbedded with laterally extensive 
sheets of matrix-supported conglomerate. The largest clasts have diameters up to 
30cm and are dominantly sub-rounded, although some bladed clasts are visible. Very 
few structures can be seen within this succession although some vague cross 
stratification can be identified. Most beds are massive and very poorly sorted. 
Although the overall trend is coarsening upwards, individual horizons generally fine 
upwards over 10's of centimetres to metres.. Some horizons of conglomerate show 
lensoid shape up 4 m wide by im thick, and strong erosive bases. Palaeo-current 
readings from imbricate pebbles show a palaeoflow direction to the NNE (Fig. 4.36). 
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Figure 4.38: Outcrop of red/brown sheeted conglomerate interbedded with poorly 
sorted sandstone and gritstone sediment (Sart-Mustafa succession). 
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Hanmamdere succession 
Just to the north of the thermal-spa village of Hammamdere, a well exposed 
succession of this coarse conglomeratic facies was measured (Fig. 4.39). This 
exposure is strongly red in colour and comprises very coarse, poorly sorted beds of 
sub-angular to bladed conglomerate set in a muddy red sandstone matrix. Clasts are 
moderately cemented and matrix supported. Laterally, each horizon is continuous, 
with individual sheets having erosive bases that cut down into underlying beds (Fig. 
4.40). In the basal part of the section, the sediment grade in individual beds coarsens 
upwards very rapidly. Maximum clast size, throughout the section is —2 metres, with 
the average size of clasts ranging from 10-30 cm. Clast type is dominantly 
metamorphic, mainly schist and phyllite, with some clasts of quartzite, cataclasite and 
sedimentary lithoclasts also being present. Finer-grained sandstones and gravel 
horizons show some planar cross-stratifiction, although this is not well exposed. 
Individual beds increase in thickness with height in the succession, as does maximum 
clast size, with the largest clasts being present in the upper portion of the section. 
Clasts in this part, also appear to be slightly rounder than lower in the section. The 
outcrop colour changes upwards, with the upper levels being dark brown compared to 
the redder lower levels. When examined closely, fresh surfaces of this facies are 
actually grey/brown in colour, and this is continuous up through the section. The 
bladed nature of clasts from this facies has lead to good imbrication, with a strong 
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Figure 4.39: Measured stratigraphic log of sediment in the Hammamdere 
succession, for key see Appendix 4. 
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Figure 4.40: Outcrop of CutFse poorly - sorted,  ingular conglomerate from the 
Hammamdere succession. Note the strong reddening of the material. 
Yesilkavak succession 
Approximately 2-3 km south of Yesilkavak, above the axial-fluvial section logged 
(Section 4.4.1.3), is a large, well exposed cliff face of clast- to matrix-supported 
coarse conglomeratic material (Fig. 4.41). The sediment consists of sub-round, 
poorly sorted conglomerates, with clasts up to 60cm in diameter (on average 10cm or 
cobble grade; Fig. 4.42). Clast type, at this locality, is dominated by granodiorite with 
metamorphic schist, quartzite and some well cemented, red sandstone lithoclasts. 
Clasts within the individual cycles are well imbricated and coarsen upwards, with an 
overall coarsening towards the top of the section. Individual beds are sheet like, with 
some erosional relief on the basal surface. Interbeds of moderately sorted sandstone 
show some fissility and planar lamination. 
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Figure 4.41: Measured stratigraphic log of sediment in the Yesilkavak succession, 
for key see Appendix 4. 
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Higher in the section, sandier units are strongly cross-bedded in well sorted horizons. 
The sandier units are superseded by stacked, multi-story, erosional-based sheets of 
conglomerate which appear laterally continuous, and contain clasts up to im or more; 
again these sediments are poorly sorted. The top part of the section again becomes 
interbedded with poorly sorted sandstone and granule rich horizons that show low 
angle cross-lamination. Interestingly, the sediment at this locality dips 26 ° towards 
339°. Palaeocurrent readings from imbricate clasts indicate a northwards palaeo-flow 
diiecion. 
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Figure 4.4.; 	.Iru1 of coarse, rounded, imbricate conglomerates from  
YesiIlavak succession, with flow towards the north. 
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Figure 4.43: Number of clast types for coarse, conglomerate sediment at 
Yesilkavak. 
Gökçealan succession 
A separate succession was measured near the village of Gokçealan (GR 205 471), 
comprising very similar material to that seen in other areas of the transect (Figs. 4.36 
& 4.44). This succession was dominated by poorly sorted sub-round/sub-angular 
units of matrix-supported conglomerate that are moderately cemented and light to 
medium brown in colour. Clasts at this locality range from 1 to 30 cm in diameter and 
are dominated by schist and quartzite (Fig. 4.43) Strong cross-stratification is visible 
in sandy units which are common throughout this section. Conglomeratic horizons 
are sheet-like and have very strong erosional bases. Within the section as a whole, 
beds initially fine upwards before they coarsen in the upper part. Palaeocurrent 
indicators exhibit a NE palaeo-flow direction. 
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Figure 4.44: Measured stratigraphic log of sediment in the Gokçealan succession, 
for key see Appendix 4. 
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Aihan/Sahyar succession 
Medium to coarse conglomerate pebble to boulder conglomerate crops out in the east 
of the transect area (Fig.4.36). Again, a strong erosional contact with the underlying 
sediment can be seen and clasts within this sediment include sandstone liothoclasts. 
Channelisation is seen and palaeocurrent directions from imbricate pebbles are to the 
NNE (Fig. 4.36). Clast size decreases with distance from the basement, with 
exposure in the south (e.g. Near Domuz Tepe) containing large boulders, whereas the 
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Figure 4.47: Outcrop of well stratified pebble-dominated conglomerate, near 
AlhanlSahyar. 
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Interpretation 
The coarse, poorly sorted nature of the coarse-rounded conglomerate sediment 
together with its sheet like bed forms and lack of coherent sedimentary structures 
within the facies leads to the inference that it represents a 'second' alluvial fan facies, 
with respect to the 'first' alluvial fan facies described in section 4.4.1.2 (Purvis & 
Robertson 1997). Major differences between these two facies, other than 
stratigraphic position, are the increased maturity with dominance of more rounded 
clasts and the presence of sedimentary lithoclast that have been recycled from the 
underlying sediments. An angular/erosive unconformity exists between this coarse, 
upper, alluvial fan facies and the underlying sediments, although some tectonic 
rotation of bedding has taken place since deposition. The successions outlined above 
display many subtle differences in clast type, shape, bedding style and depositional 
architecture, whilst sharing many overriding similarities such as temporal and spatial 
location within the basin fill, general sedimentary style and morphology. This is 
interpreted to represent deposition in individual fan lobes, point sourced from the 
hinterland (e.g. breaks in the basement detachment fault. Chapter 2) to the south. For 
example, a break in the basement can be seen close to the Yesilkavak section and a 
large outcrop of granodiorite (Fig. 4.5). Granodionte clasts are the dominant 
component of the succession, but are not seen elsewhere in the transect. Five separate 
fan bodies are recognised along the transect, with the average width being >5km (Fig. 
4.36). Complex interfingering relationships and coalescing of these sediments 
combined with point-sourced, radial palaeo-current readings to the north (away from 
the basement) mean further interpretation is impossible. This pattern matches the 
expected flow-expansion angle of sediment within an alluvial fan proposed by Blair & 
McPherson (1994). This interpretation is similar to the model proposed by Leeder & 
Gawthorpe (1987). They describe a model for continental basins with the axial 
through-drainage with, in particular, large alluvial fans sourced from the zone between 
two en echelon normal faults. The second-phase alluvial fan facies is strongly 
dissected by high angle north and south-dipping normal faults (see Chapter 2). 
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Age data for the coarse, upper, conglomerate succession has not been published, 
although Emre (1988) reported a Dacian (Early Pliocene) age for the youngest 
succession of the graben fill from lacustrine nanofossils, and Seyitoglu & Scott (1991 
& 1996) have suggested that the age of the upper part of the basin fill may be Middle 
Miocene-Pliocene. More recently, Purvis & Robertson (1997) proposed a Late 
Miocene-Early Pliocene age for this second phase of alluvial fan deposition using 
integrated regional tectono-sedimentary data and isotopic dates (Chapter 5). 
A Late Miocene age has important implications for the formation mechanism of this 
facies, with a shift to wetter climatic conditions in the Messinian (latest Miocene) 
(Griffin, 1997). The loss of water from the Mediterranean, due to increased 
temperature during this period, is thought to have strengthened rainfall in the eastern 
Mediterranean and intensified erosional clastic runoff (Griffin, 1997). The large 
catchment area and strong relief of the unroofed Menderes metamorphic complex, in 
addition to this increase in rainfall, may have favoured point sourced, alluvial fan 
development in the Alasehir Graben. The phase of high-angle faults that cuts the 
basin fill may also have acted as mechanism for formation of the alluvial fans (See 
Chapter 2 and 7). 
4.4.2 Northern Margin of the Alasehir Graben 
The northern Margin of the Alasehir Graben was examined around the villages of 
Kemaliye and Toygari (Fig. 4.5). This region was chosen due to the reasonable 
exposure present, compared to the rest of the northern margin where almost no 
exposure was visible. Cohen et al. (1995) suggested that the sediments exposed in this 
area are at least partly contemporaneous with those of the southern margin. The 
basement lithology is dominated by marble in this region. Two major rock types were 
identified; a pink andesite extrusive body and a sequence of carbonates sandstones 
and conglomerates. 
241 
Chapter 4: Alasehir Graben sedimentology 
4.4.2.1 	Pink andesite 
Beneath the village of Toygari is a large (-1km) diameter domal outcrop of pink 
andesite lava. This dome appears to be buried by the sediments described in section 
4.4.2.2 below, and no cross cutting relationships can be seen. Exposure does not 
allow the accurate description of this igneous body, with no evidece for an intrusive 
origin being observed. The age and geochemistry of this rock will be discussed in 
chapters 5 & 6. In thin section the rock consists of phenocrysts of plagioclase, 
clinopyroxene, amphibole and biotite mica in a fine grained glassy matrix (Fig. 4.48).. 
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Figure 4.48: Photomicrograph of andesite lava from Toygari, northern margin of 
Alasehir Graben. Section shows euhedral biotites and feldspars in a fine 
groundmass.(XPL 25x Magnification). 
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4.4.2.2 	Calcareous sandstones and conglomerates 
General description 
A thick (>300m), conformable succession of sediment is seen to overlie the pink 
andesite and basement lithologies. The sandstones and conglomerates consists 
initially of fine-grained, pale brown calcareous mudstones and sandstones that are well 
laminated and rusty-orange in colour. Some horizons are heavily burrowed and 
bioturbated. Individual beds coarsen upwards, as does the entire succession with the 
upper part, consisting of metre-sized beds of coarse, well lithified, angular, clast 
supported marble conglomerates, that show horizontal stratification. These coarse 
conglomerates are arranged in wide (several metres), erosively based channels. 
Palaeocurrent directions are all to the S/SW, from clast imbrication readings (Fig 
4.49). Bedding dips are all low (<100)  and vary from dipping to the north and south 
(Fig 4.5). The basal contact of this facies on the metamorphic basement is best 
exposed in small valleys just south of the contact (Fig. 4.50) between the sediment 
and basement. The contact relationship is seen to be onlapping, with the sediment 
overlying a low angle (dipping 150 N) basement surface. The coarse clastic sediments 
that overlie the basement lithologies have a clinoform morphology along with 
prograding large (m) scale foreset geometries visible, dipping towards the south (Fig. 
4.51). The interface between the sediments and the metamorphics also has an eroded, 
broken appearance. The interface also has some localised, scarp-like relief that is 
overstepped by the sediments. These erosional features have been previously 
interpreted as faults (Cohen et al. 1995), but this has been discounted due to lack of 
displacement of the basement lithologies. Details of the sedimentary succession in this 
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Figure 4.49: Geological map of the northern margin study area (Alasehir Graben) 
shows palaeocurrent data from clast imbrication. 
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Figure 4.51: View looking east across the noi -then graben margin of southward-dipping clinoforms comprising coarse, angular marble 
breccia (N of Kernaliye). 
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Toygari village succession (Fig. 4.52) 
This succession comprises sediments close to the present basin floor (Or 274 578) and 
consists of fine-grained calcareous sandstones interbedded with mudstones and 
siltstones, all of which appear massive to finely-laminated. The sediments are strongly 
veined, with a rusty-orange colour. Fine-grained sediments exhibits extensive 
bioturbation, with burrows disrupting the sedimentary fabric. X-ray diffraction 
analysis indicates that the dominant component of these mudstones is calcite, with 
minor feldspar and quartz (Appendix 2). These sediments give way to coarser 
material as the sequence generally coarsens upwards, with gravel- and cobble-sized 
clasts becoming common in the upper part of the succession. Fine-grained sediments 
above the coarse sediments show wavy lamination and extensive carbonate veining. 
The highest part of this succession is dominated by laterally extensive horizons of 
coarse, bladed, angular conglomerate up to 2 m thick. Clasts are strongly imbricated 
and range up to I  in size. 
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Figure 4.52: Measured stratigraphic log of sediment from north of Toygari village, 
for key see Appendix 4. 	 - 
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Interpretation 
The field relationships of sediment to lava indicate that the lava underlies the 
sediment. Exposure do not allow further deduction to be made concerning the 
relationship of the lava to other sediments, either beneath or around the present day 
exposure. Thus, the only conclusion that can be made is that the lava was extruded 
prior to deposition of the exposed sediments. Contrasting with this interpretation, no 
clasts of lava are visible in the sediment, implying little, or no erosion of the lava by 
the later sedimentation, or that the lava was not present within the source area for the 
sediments. 
The fine grained, laminated nature of the early sedimentary succession, in association 
with the bioturbation, plant material and marly composition is interpreted as being 
indicative of lacustrine sedimentation (Piccard & High 1972, Allen & Collinson 1986). 
The clast-supported, parallel-stratified, coarse clastic marble conglomerates with 
large-scale foreset geometries onlapping onto the basement, are interpreted as being 
the product of south-prograding fan-delta bodies into the .lacustrine environment 
(after McPherson et al. 1988; Nemec & Steel 1988; Nemec 1994). This is similar to 
the interpretation of Cohen et al. (1995) for the northern margin. 
4.4.3 Present-day sedimentation 
The present-day graben is dominated by two sorts of sedimentary features: 1) minor 
fan deposits sourced from the southern margin and axial-fluvial meandering deposits 
from the present day rivers, Alasehir and Gediz. Major drainage channels on the 
southern margin are ephemeral and contain large metre-sized boulders of basement 
and sedimentary material in braided river beds, although these have very little water in 
them during May-November (author's field seasons). The large boulders and steep 
sides (up to 100 metres high) present on these gorges indicate periods of flash flood 
and intense erosinal runoff that must take place during the winter months, and aided 
by snow melt in the spring months (author observed snow on peaks e.g. Boz Dag, 
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within the drainage basin in May). Paton (1992) describes present-day fan deposits 
that have generated enough topography to cause the basin floor to slope towards the 
north, unlike other classic half graben (after Leeder & Gawthorpe 1987; Leeder & 
Alexander 1987). Paton's study makes no allowance for structural controls on the 
attitude of the basin floor (see Chapter 2). These present-day fans are also interpreted 
(Paton 1992) to have diverted the course of the present-day rivers closer to the 
northern margin of the basin and away from the main graben-boundary fault; the 
opposite of that decribed for classic half-grabens (Leeder & Gawthorpe 1987; Leeder 
& Alexander 1987). The main rivers are meandering and depositing fine grained silts 
and sandstones with some fine gravels. Small, localised shallow lakes such as 
Marmara Gölü are also present on the graben floor (Fig. 4.2). 
4.5 	Discussion 
The Alasehir Graben has been established as a classic example of a continental 
extensional sedimentary basin (Seyitoglu 1992; Seyitoglu & Scott 1996; Paton 1992; 
Cohen et al. 1995; Dart et al 1995). This has produced a basis for subsequent more 
detailed, new, large scale, regional study of the facies and structure of the basin, as 
described in this thesis. This chapter has aimed to describe the sedimentary 
characteristics of a wide area within the graben in a regional context, and in the 
following section I will summarise the main points and present a unified picture of the 
sedimentary evolution of both margins. This will be compared with to previous work, 
before being discussed with reference to other worldwide examples of extended 
continental regions. 
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4.5.1 Summary and comparison of the northern and southern margins of the 
Alasehir graben 
The earliest deposited sediments on the southern margin of the graben, exposed 
between Salihli and Alasehir (Fig. 4.5), consist of approximately 200m of regionally 
limited lacustrine facies with small lobes of fan-delta conglomerates interbedded with 
the fine grained mudstones and mans. These sediments are subsequently overlain by a 
broad belt of regionally extensive, 400+ in thick, alluvial-fan conglomerates that are 
also in direct contact with the basement lithologies. These sediments can be seen to 
thicken into the the basement fault and now dip at angles up to 600  into the basement 
and are interpreted as being related to movement on the detachment fault (See 
Chapter 2). These sediments are dominated by clasts of schist, quartzite, phyllite and 
marble. This initial 'first phase' of alluvial fan facies is unconformably overlain by a 
thick 800+ m succession of fluvial sandstones and fine-conglomerates that have a 
strong E-W axial palaeo-current direction and represent meandering axial river 
deposits that drained the basin towards the Aegean Sea. These fluvial sediments 
interfinger with, and are then unconformably overlain by, a 'second phase' of coarse, 
rounded, alluvial fan facies that cuts down into, and recycles the underlying sediments. 
These fan deposits are strongly point sourced from breaks and corrugations in the 
basement detachment fault surface and at least five separate fan bodies have been 
identified (see Sections. 2.3.2 & 4.4.1.4) Possible driving mechanisms for this second 
pulse of alluvial fan deposition are tectonic and/or climatic with possible links to 
renewed extension and also an increase in rainfall in the latest Miocene (see Chapter 2 
&7). 
The northern margin of the graben shows a subdued topography compared to the 
southern margin and the exposure and style of sedimentation reflect that. 
Sedimentation is poorly dated but upper levels overlie an andesitic lava dome that is 
15 Ma (Chapter 5). The sediments comprise a conformable sequence of fine-grained 
laminated and bioturbated lacustrine mans and siltstones that have low bedding dips 
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(<100) interbedded with fan-delta conglomerates that have prograded into a lacustrine 
environment and onlap the basement lithologies. Palaeo-current indicators show a 
lateral dispersal pattern to the south and in general, grain size is much finer than that 
on the southern margin. 
The style of sedimentation in the Alasehir Graben is controlled by the morphology of 
the footwall and the hanging wall of the half-graben (Chapter 2). The southern 
margin (footwall) has a strong relief and an extensive catchment area and it is 
dominated by coarse alluvial fan conglomerates. In contrast, the northern margin 
(hanging wall) has a much more gentle relief and consequently, is dominated by fine 
grained fluvial/lacustrine facies, with some fan-delta conglomerates higher in the 
succession all shed towards the south from the hanging-wall basement. 
Thus, the graben is interpreted to have developed initially with small restricted lakes 
that were then inundated and swamped by coarse, clastic, alluvial fan material sourced 
from breaks and corrugations in the main basement detachment fault (see Chapter 2) 
as the basin evolved. The lakes are not restricted to the basal part of the succession 
with lacustrine sediments present on the northern margin and small lakes visible in the 
basin today. The tectono-morphology (see Chapter 2) of the basin led to the 
establishment of EIW through drainage to the Aegean and the consequent 
development of an axial fluvial facies. This is succeeded by a 'second phase' of 
alluvial fan deposition. 
Present-day sedimentation shows some similarities to the pattern of sedimentation 
described above (see also Chapter 7) and these patterns also show similarities with the 
model proposed in Leeder & Gawthorpe (1987) for continental half-graben basins. 
Small lakes are present within the basin (e.g. Marmara GölU) and small fans issue 
from the southern active margin , along with an axial-fluvial, system. The Alasehir 
Graben differs from the model proposed by Leeder & Gawthorpe (1987) and others 
(e.g. Leeder & Alexander 1987) in that it shows displacement of the present day 
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drainage system towards the northern (hanging-wall) margin, which is due to the 
extensive lateral nature of alluvial fan deposits derived from the southern (footwall) 
margin and generate a gently northward sloping basin floor. 
4.5.2 Comparison with previous work 
This work and resulting model of sedimentation, simplifies the model proposed in 
Cohen et al. (1995) with the regional significance of facies types being enlarged. 
They recognised three alluvial fan facies in addition to basal lacustrine sediments and 
axial fluvial facies. This work has described the restricted nature of the early 
lacustrine facies and in contrast, the regionally extensive nature of (and structural 
control; see Chapter 2) the first phase alluvial fan facies. This study supports their 
interpretation of the axial fluvial facies and emphasises its extensive nature and 
relationships with other sediments. However, only one, later phase of renewed 
alluvial fan development is recognised, whereas Cohen et al. (1995) recognise two 
separate facies. These two facies are here interpreted as lateral and distal equivalents 
of the same fan system. This represents a much wider regional understanding of the 
sedimentary evolution of the basin than that proposed by previous workers 
(summarised in Fig. 4.4) and allows the integration of the tectonic history (Chapter 2) 
leading to an overall model for the tectono-sedimentary evolution of the region 
(Chapter 7). 
4.5.3 Comparison with other areas of continental extension 
The data and interpretation presented in this chapter have lead to a revised model for 
sedimentation within an active, continental extensional setting and this has 
implications for models described from other areas of continental extension 
throughout the world and geological record. The well-exposed, undisrupted nature 
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and access to the sediments of the Alasehir Graben have allowed a well constrained 
regional model of sedimentary evolution to be constructed. This model of 
sedimentation can therefore be used as a predictive tool in regions where exposure is 
lees good, or in the subsurface. Patterns of sedimentation in Eastern Mediterranean 
regions will be compared and contrasted along with discussion of other worldwide 
examples e.g. the Basin and Range province of the USA, and the East African Rift. 
4.5.3.1 	Eastern Mediterranean comparisons 
The patterns of sedimentation described in this chapter show broad similarities to 
those recognised in the other west Turkish graben (BuyUk-Menderes, Simav and 
Kuçuk-Menderes. Fig 1.1) with the common theme being strong axial-drainage and 
alluvial fan interaction (Paton 1992; Cohen et al. 1995). Greek extensional basins, on 
the western margin of the Aegean region, have been well documented, both 
structurally and sedimentologically (Roberts & Jackson 1988; Bentham et al. 1991; 
Collier 1990; Leeder et a! 1988, 1991). The Megara Basin of Central Greece 
exemplifies the Greek grabens (Bentham et al. 1991), and shows some similarities to 
the Alasehir Graben. In the main these basins are very different from their Turkish 
counterparts. The postulated age of sediments within the Greek basins is thought to 
be a maximum of 5-6 Ma (Leeder et al. 1988; Bentham et al. 1991), much younger 
than the Early Miocene age proposed for sediments related to extension in west 
Turkey (Seyitoglu 1992; Seyitoglu & Scott 1991, 1996; Purvis & Robertson 1997, 
1998). The Greek basins are also dominantly marginal marine/marine (e.g. Bentham 
et al. 1991) and the sedimentation within them reflects this and contrasts with the fully 
continental clastic sediments of the Alasëhir Graben. The basement lithology is also 
very different, being dominated by Mesozoic limestone that is resistant, and preserves 
fault scarps. The structure of the basins in Greece differs from that of the Alasehir 
Graben, and while this is discussed in Chapter 2, it is clear that this has a strong 
control on sedimentation. In Greece, the graben typically exhibit large, high-angle 
faults that were the basis for the model proposed in Gawthorpe and Leeder 
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(1987)(Fig. 4.53), with drainage concentrated in the axis adjacent to the main basin 
boundary fault. Limited alluvial fans are shed from the footwall, but the majority of 
basin-fill is shed laterally from the hangingwall and consists of fine grained 
marginal/lacustrine to alluvial plain sediments. A distinct swing in palaeo-cuurent can 
be Seen from lateral to axial flow with proximity towards th main normal fault. 
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AXIAL THROUGH DRAINAGE 
Figure 4.53: Continental basin with axial-through-drainage. Note the large alluvial 
fans sourced in the zones between two en echelon normal faults and preferential 
avulsion of the axial river channel towards the fault. (From Gawthorpe & Leeder 
1987). 
The Polis Graben, of Cyprus, shows some structural similarities, but the patterns of 
sedimentology are very different with the basin fill being dominated by Miocene 
marine carbonates, evaporates and chalks, with some fluvial conglomerates related to 
uplift of Cyprus (Payne and Robertson 1995). The sediments within the Polis Graben 
are of similar age to those in the Alasehir Graben. The Plio-Quaternary Aksu Basin of 
southern Turkey, although a marginal marine basin, shows some similarities to the 
patterns of the Alasehir Graben (Glover & Robertson 1998). Initial marine sediments 
formed contemporaneously with coarse fanglomerates in the Early Pliocene. The basin 
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became influenced by coarse axial, braided fluvial deposits and proximal marine 
sediments in the mid-Late Pliocene. These sediments were then succeeded by 
voluminous clastic sediments in alluvial fans in the Pleistocene. 
4.5.3.2 	Worldwide comparisons 
The cassic example of an extended continental terrane is the Basin and Range 
province of western USA, and much work has been published on this region (e.g. 
Hamilton 1987; Lister & Davis 1988). Numerous similarities to the Alasehir Graben 
exist within this region such as the pattern of sedimentation associated with the 
Harcuvar Core Complex in Arizona (Yarnold 1989), where sediments were deposited 
deposited during movement on a detachment fault. The sediments consist of basal 
lacustrine rocks and low energy fluvial sediments that are overlain by alluvial mass-
flow conglomerates. Subsequently these sediments became dominated again by fluvial 
deposits shed from the hanging wall and laterly, the footwall. The Sacremento 
Mountains (SE California) also show many similarities to the Alasehir Graben model, 
consisting of small, high gradient, gravity dominated alluvial fans, lake and lake 
margin facies and large, low-gradient alluvial fans, although no axial drainage was 
recognised (Fedo & Miller 1992). Pleasant Valley, Nevada, which is actively 
extending, is dominated by axially draining streams (Jackson & Leeder 1994), and the 
Southern Rio-Grande Rift also exhibits a pattern of sedimentation that has resulted in 
a narrow band of basin-axis parallel, channelised, sandstones localised near the 
footwall scarp of the rift with some variation where rivers have flowed down the 
hanging and/or footwall slope and built a fan perpendicular to the basin axis (Leeder 
et al. 1996; Leeder & Jackson 1993). Fillmore (1993) has recognised a similar pattern 
of sedimentation to the Alasehir Graben at Alvord Mountain (Mojave Desert, west 
USA) with ininitial lacustrine/alluvial fan deposition, followed by secondary coarse 
conglomerate and breccia that prograded the axial braidplain and lacustrine 
environment that existed in the basins axis (Fig. 4.54) 
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Figure 4.54: Palaeogeography and depositional systems that were active in the Clews 
Basin and vicinity during the Early Miocene: a) lower strata palaeogeography; b) 
upper strata palaeogeography. From Fillmore (1993). 
The Gulf of Suez rift represents another major site of extension and began forming in 
the latest Oligocene-Early Miocene (Evans 1988; Patton et al. 1994; SchUtz 1994). 
Pre-rift sedimentation was controlled during the Jurassic, Cretaceous and Tertiary by 
E/W trending faults. Continental rifting began in the Oligocene with an erosional 
surface developed on the underlying sediments; basal syn-rift sediments comprise 
continental conglomerates, limestones and evaporites (Patton et al. 1994). During the 
Aquitanian-Burdigallian, slow subsidence was accompanied by fluvial-shallow marine 
deposition over the length of the rift. During the Burdigalian, subsidence increased 
dramatically with a thick succession of marine sediments being deposited Later 
deposition (Langhian-Messinian) is dominated by thick evaporitic sequences. The 
depositional environment being open- to marginal-marine, consequently bears little 
resemblance to the sedimentary model developed for the Alasehir Graben. 
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The 'collapse' basins of NW Norway, such as the Homellen Basin, show many 
similarities with the Alasehir Graben (Seguret et al. 1989; Nilsen 1968; Steel 1977; 
Steel & Gloppen 1980; Serrane et al. 1988). Sedimentary deposits comprise axial 
alluvial/lacustrine sandstones and marginal fan conglomerates showing similar style to 
the Alasehir Graben, although the tectonic morphology and resultant palaeo-current 
directions show large affinities with the Gördes and Selendi Basins (Chapter 3) 
(Purvis & Robertson 1998). 
Another major site of present-day continental rifting is the Great Rift Systhm of Africa 
which is almost 7000 km long. A major part of this system is the East African rift that 
runs through much of Kenya and Tanzania and comprises wide valleys (40-50 km), 
bounded by steep escarpments with extensive rift related volcanism present 
throughout much of its length. Sedimentation within this rift includes of extensive 
deposits of volcaniclastic sediments and large internally draining lakes that represent 
microcosms of larger marine basins (Reading 1986). Sediments reflect a very diverse 
provenance, with limited alluvial fans adjacent to steep fault scarp slopes and rare 
climatically driven axial stream deposits (Tiercelin 1986), with lacustrine and marginal 
lacustrine sediments dominating the succession (e.g. Frostick & Steel 1993; Eugster 
1986). Marsh sediments along with lacusthne facies and related coarse clastics are 
important and drainage is often trapped by volcanic and tectonic barriers (Cohen et al. 
1986). Alluvial pediment fans tend to be restricted to 1 or 2 km from the fault scarps 
(Renaut 1986) with Lake Magadi (Kenya) exemplifying this model of alluvial 
fan/saline lake environment. The East African Rift is dominated by closed basins of 
internal drainage with little through-flow (Eugster 1986; Hardie et al 1978) and, thus, 
the pattern of sedimentation bears very little resemblance to the model proposed for 
the Alasehir Graben. 
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4.6 	Conclusions 
• The Alasehir Graben represents an excellent natural laboratory for the study of 
sedimentation within an actively extending continental basin. Early Miocene to 
Recent rift-related sediments are exhumed and exposed on both flanks of the 
graben allowing detailed, 3-dimensional examination and correlation. 
• Initial sediments within the graben consist of localised Early Miocene lacustrine 
sediments interbedded with coarse clastic fan-delta conglomerates that prograded 
into the lakes. 
• The lacustrine sediments are succeeded by regionally extensive, inimmature alluvial 
fan conglomerates that were point sourced from breaks within the basement 
detachment fault system (Chapter 2).. Clast type comprises lithologies of the 
Menderes Metamorphic Massif and palaeocurrent patterns are radial towards the 
north. 
• An Early Miocene axial fluvial system then became dominant, unconformably 
overlying and recycling underlying sediments, as E/W through-drainage developed. 
This sediment comprises cross-stratified sands and gravels that are more mature 
than the underlying alluvial fan material, along with lignitic and muddy horizons, 
containing freshwater gastropods. 
• A 'second phase' of alluvial fan conglomerates then developed and is seen to 
interfinger and then prograde unconforniably over the axial fluvial facies beneath. 
This phase of alluvial fan development is thought to be either climatically driven, or 
by renewed extension in the Late Miocene (see Chapters 2 & 7). 
• The northern margin of the graben is less well exposed. Sedimentation took place 
on and around pink andesitic lava and comprises fine grained fluvioflacustrine 
marls, silts and sandstones that contain much plant material and are heavily 
bioturbated. These sediments gradually coarsen upwards then pass into coarse 
angular fan-delta congomerates that prograde, flowing from the north towards the 
south, across the fluvio lacustrine sediments and passively onlap the metamorphic 
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basement. The fine grained signature is interpreted as being due to the gentle relief 
of the northern margin and hinterland. 
• Recent sedimentation, while limited, shows some similarities with this model and 
comprises small alluvial fan bodies that issue from the southern margin, axial river 
sediments and small restricted lacustrine bodies. The dominant process is erosion 
and incision of the exhumed basin fill, with steep sided valleys present in the 
moderately consolidated sediments. The present day river course has been 
displaced towards the northen margin by continued lateral fan sedimentation from 
the southern margin. 
• The patterns of sedimentation within the Alasehir Graben show many similarities 
with other continental extensional provinces such as the Basin and Range (USA), 
but also some unique characteristics due to the local tectonics, climate and 
sedimentary provenance (Chapter 7). Thus, the Alasehir Graben is recognised as a 
classic locality for the study of axial draining grabens in continental regions and this 
model can be applied elsewhere, in areas of poor, disrupted exposure or the 
subsurface. 
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Chapter 5 
40AR139AR RADIOMETRIC DATING OF VOLCANIC ROCKS FROM THE 
ALASEHIR GRABEN, GORDES AND SELENDI BASINS 
This chapter will present the results of new radiometric dating that define the age of 
volcanogenic material present within the three extensional basins examined in this 
study, and thus give us a stratigraphic control on the age of extension within each 
basin. The method of analysis is single crystal 40Ar/39Ar dating of volcanic feldspars 
and biotites. The approach of this dating study is to focus on stratigraphically 
significant volcanic tuffaceous sediments, in addition to dating cross-cutting volcanic 
intrusive and extrusive bodies. The nature and extent of previous stratigraphic work 
is summarised for the region, with the rationale for this new study being justified. The 
techniques and results of dating of stratigraphically significant rocks are also 
described. Accurate ages are critical in determining the age of formation of each 
basin, and consequently the onset of extension in the region. 
5.1 Previous work 
Initial lithostratigraphic divisions of Neogene continental sediments in western Turkey 
were established by Becker-Platen (1970, 1971) using sporomorph associations 
(Benda 1971a, 1971b) as part of exploration for commercial lignite deposits. Becker-
Platen (1970, 197 1) described four lithostratigraphical divisions. These consist of two 
sequences of conglomerate that broadly pass upwards into sandstone and siltstone, 
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claystones and mans capped by limestone. Benda's (1971a) work established pollen 
assemblages enabling the lithostratigraphic divisions to be sub-divided into six datable 
groups (Fig. 5.1). At the time of publication of these findings (1971) no radiometric 
ages from associated volcanic rocks were available. The lowermost member of the 
succession (that rests on pre-Miocene basement), known as the Turgut Member 
(Benda 1971), contained a pollen assemblage known as the Eskihisar assemblage that 
was ascribed to a Tortonian age (12.6-6.4 Ma). Consequently, this became the date of 
formation of Neogene sedimentary basins and the commencement of : extensional  
tectonics in west Turkey (Benda 1971a). 
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1982). Ch: Chios(Sakiz) 
(Bellon,Jarrige &Sorel, 1979). Lea: Lesvos (Midilli); Ez: Ezine; Ay: Ayvacik-Tuzla la-K: Izmir-Karaburun; Ur: UrIs; Dik: 
Dikili; 8cr: Bergama; lz.-C: lzmir-Cumaovast (Borsi etal. 1972). Sbk: Sake (Ercan et al. 1985). Man: Manisa-Saruhanli; 
Ayd: Aydin-çavdar; Mi: Milas; Mug: Mugla (Besang et al. 1977). Kar-Yes: Karalar-Yqiller (Krushensky, 1976). Kul: 
Kula; Kip: Kepsut-Balikesir; Big: Bigadic (Ercan etal. 1985). MD: Muratdagi area (Bingol. 1977). Kill: KUtahya-Sofca; 
Afy: Afyon (Besang etal. 1977). Locations with radiometric dating only: 8cr: Bergama: Bal: Balikesir (Benda 
et al. 1974). Big: 
Btgadic (Gundogdu. 1984). 
Figure 5.1: Radiometric age data, chronostrati graphic stage and biostratigraphic 
zonations for west Turkey and the adjacent islands (from Seyitoglu & Scott 1991). 
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Subsequent work on the Neogene basins refined these results using the relationships 
between basal volcanic rocks that rest on pre-Miocene basement, with coeval 
continetal sediments (Benda et al. 1974). Radiometric K-Ar determinations on these 
volcanic rocks, such as in Soma, yield an age range of 19.8±03 - 18.1±03 Ma; i.e. 
mid-early Burdigalian age (Benda et al. 1974), although these are whole rock ages 
and must be treated with caution (Section 5.3). The continental sediments dated by 
this approach, also contained the Eskihisar sporomorph assemblage, thus revising its 
age range. The revised Early Miocene age range is significantly older than the 
Tortonian (Late Miocene) of Benda (1971a). 
Ediger et at. (1996) have published the most recent palynological results from the 
Alasehir Graben. They suggest an Early-Middle Miocene age for the oldest sediments 
in the graben and a Middle-Late Miocene for later sedimentation. 
5.1.1 Gördes Basin (see Chapter 3; Fig. 5.2) 
The Gördes Basin has been the subject of numerous recent studies concerning its 
stratigraphy (e.g. Seyitoglu 1992; Seyitoglu et al. 1992; Seyitoglu & Scott 1994). 
These authors focused on the age of a suite of rhyo-dacitic intrusives that cut the 
sedimentary fill of the central basin, and used these ages to define the age of the 
sediments. K-Ar dates of biotites from volcanic rocks vary from 18.4±0.8 to 16.3±0.5 
Ma (Early Miocene)(Seyitoglu 1992). In addition to these ages, tourmaline 
leucrogranite dykes that cut the foliated mica-schist of the basement and occuring as 
clasts within the basin fill, were dated as 24.2±0.8 to 21.1±1.1 Ma.. Seyitoglu (1992) 
interprets these results to indicate a latest Oligocene-Early Miocene age for the 
formation of the Gördes Basin. In addition to the K-Ar dates, Seyitoglu et al. (1994) 
have published new palynological data that redefines the lower limit of the Eskihisar 
sporomorph assemblage as between 21.1 and 18.4 Ma, or intra-Burdigalian. They use 
this to constrain the age of the Gördes Basin as between 20-19 to 15-14 Ma or Early 
Miocene (Seyitoglu et at. 1994). 
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Figure 5.2: Geological map of the Gordes Basin, showing the location of the volcanic 
and tuffaceous sediments dated in this study. For details of radiometric dates see 
Fig. 5.5. 
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5.1.2 Selendi Basin (see Chapter 3) 
The Selendi Basin has received relatively little attention with regard to its age and 
stratigraphy. Early stratigraphic work of Ercan et al. (1978, 1983) divided the 
sedimentary succession into two groups. The older, Hacibekir Group, overlying the 
pre-Miocene basement, was regarded as Early (?) to Lower Miocene based on the 
presence of ostracods, leaf fossils and palynomorphs. The upper may Group was 
suggested to be Early to Late Pliocene in age, based on the presence of ostracods, 
gastropods, bivalves and vertebrate fossils. More recently, Verge (1993) states that 
the Selendi Basin was extensionally exhumed from the mid-Oligocene to Early 
Miocene, with the exhumation ceasing prior to deposition of mid-Miocene 
volcanic,fan and fluvial sediments. Seyitoglu (1997) examined the cross-cutting 
igneous relationships that occur in the northern part of the basin (Fig. 5.3). He used 
K-Ar dating techniques on rhyo-dacitic volcanic intrusions that cut various parts of 
the sedimentary succession. Seyitoglu (1997) also recognised two sedimentary 
formations, similar to those proposed by Ercan et al. (1978, 1983), but with a reliable 
K-Ar date for each formation. The Hacibekir Group is cut by a rhyolite that has an 
age of 18.9±0.6 Ma, whereas the overlying may Group interfingers with a 14.9±0.6 
Ma old trachydacite (Seyitoglu 1997). Both groups contain the Eskihisar sporomorph 
assemblage. Seyitoglu (1997) interprets this to indicate that the Selendi Basin 
developed in the Early Miocene, before 14 Ma. 
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Figure 5.3: Geological map of the Selendi Basin, showing the location of the 
volcanic and tuffaceous sediments dated in this study. For details of radiometric dates 
see Fig. 5.5. 
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5.1.3 Alasehir Graben (see Chapter 4; Fig. 5.4) 
The Alasehir Graben has been studied extensively in comparison to the Gordes and 
Selendi Basins (e.g. Lztan & Yazman 1990; Paton 1992; Seyitoglu 1992; Hetzel et al. 
1995; Cohen et al. 1995; Seyitoglu and Scott 1996). Early studies (e.g. Arpat and 
Bingo!; Yilmaz 1987; Ivan & Yazman 1990) suggested a Miocene- Pliocene age for 
the basin fill, although based on limited evidence. Arslan (1984) determined a Valesian 
(Tortonian) age according to Hipparion teeth near Manisa, and Emre (1988) sugested 
an Early Pilocene age for the upper part of the basin fill, using lacustrine faunas. 
Hetzel et al (1995) provided the only absolute radiometric (40ArI39Ar) control on the 
Alasehir Graben. A weakly deformed sample of material from the synextensional 
Salihli granodiorite (See Chapter 2) was dated using single crystal amphibole and 
biotite grains. The biotite grains yield a age of 12.2±04 Ma and the amphibole grains, 
an age of 19.5±0.4 Ma (Hetzel et al. 1995). The age determined from the amphibole 
is interpreted as the crystalization (intrusion) age because of the supposedly high 
closure temperature for amphibole. The biotite age is interpreted as a cooling age and 
indicates that ductile extension was active until the Late Miocene (Hetzel 1995). 
Seyitoglu and Scott (1996) have published sporomorph data from the Alasehir 
Graben. They recognise an Eskihisar sporomorph assemblage (see Section 5.1) (Mid 
Burdigallian-Mid Serravallian; 20-14 Ma) in the lower part of the basin fill. 
PM 
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Figure 5.4: Map of the Alasehir Graben study area, showing the location and ages of the Andesite lava dated in this study. For details of 
the radiometric ages see Fig. 5.5. Lines of cross section refer to structural cross-sections seen in Chapter 2. 
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5.2 Justification for new 40Ar/39Ar dating 
Section 5.1 shows that a reasonable stratigraphic database exists for the three basins 
described in this study. Despite this, controversy still exists as to the age of onset of 
extension in west Turkey (Görur et al. 1995). The uncertainty arises due to the fact 
that Seyitoglu & Scott (1991, 1992) do not make clear whether the rocks that they 
have dated (Section 5.1.1) belong to rifts formed in relation to N/S extension or 
wether they had been inherited from pre-existing depocentres that formed under a 
different regime. 
This study has addressed this problem (see Chapters 2, 3 and 4) and has concentrated 
on dating interbedded silicic air-fall tuff deposits that are part of the basin fill, in 
contrast to the cross-cutting igneous bodies dated by Seyitoglu (1992, 1997). This 
gives a more rigid chronostratigraphic framework with which to constrain the basin 
fills. The 40Ar/39Ar dating technique was used, in comparison to Seyitoglu (1992) 
who used K-Ar. As a check on the reliability of existing data some samples were 
analysed again (S1/36, S2/5). Whilst tuffaceous sediments are areally extensive within 
the Gördes and Selendi Basin, none are present in the Alasehir Graben. Other than 
the granodiorite dated by Hetzel et al. (1995), only a pink andesitic lava dome allows 
the possibility of an absolute age (see Chapter 4) in the Alasehir Graben study area. 
The 40Ar/39Ar methodology (Section 5.3 and Appendix 5) using single crystal total 
laser fusion allows the elimination of xenocrystic contamination from the underlying 
metamorphic basement rocks. The dates from this new work are integrated into the 
facies associations described in Chapters 3 and 4. The locations of geochemical 
samples are listed in Appendix 3. 
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5.3 0Ar/ 9Ar radiometric dating 
5.3.1 Rationale 
The 40Ar/3'Ar technique provides a means of dating the crystallisation ages of igneous 
minerals based on the decay of 40K to 40Ar. In this study, the technique was used to 
date the timing of extrusive and intrusive magmatism in the northern Menderes massif. 
The study was funded by NIGL grant no. JP.2412 awarded to Professor A Robertson 
and M. Purvis, and carried out in collaboration with Dr M Pringle at SURRC, East 
Kilbride. 
5.3.2 Theory (after Faure 1986) 
40K/39Ar geochronology is based on the decay of radioactive 40K to 40Ar where the 
age of the rock or mineral can be calculated by measuring the amounts of two 
isotopes and using equation 1 
t = 1/Xln[c(40Ar/40K)+l] 	 (1) 
where A. is the total decay constant of " °K, c is a constant( total decay constant of 40K 
divided by the decay constant of ' °K to 40Ar) and by assuming that no 40Ar or 40K has 
been lost or added since the system passed through its closure temperature, that no 
was incorporated into the mineral at the time of formation (Ar is inert) and that 
corrections are made for atmospheric 40Ar. 
40 Ar/39Ar geochronology relies on the same decay process and the same assumptions, 
but has major advantages over 40K-40Ar. For example, with 40Ar/39Ar technique one 
measures the ratio of 40Ar/39Ar in a mass spectrometer which is more accurate than 
measuring the amounts of 40K and 39Ar separately. Also 40ArIAr dating can be 
performed on single crystals rather than on bulk samples. This has particular 
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advantages in volcanic rocks erupted through and onto older basement where there 
may be incorporation of xenocrysts, since a number of individual crystals are dated 
and xenocrysts can be identified. Such rocks are common in western Turkey and 
4OAr/39Ar  technique was employed to overcome these problems. 
The method of 4° Ar/39Ar geochronology is to bombard the sample with fast neutrons 
in a nuclear reactor such that 39K(n,p) >Ar. The ratio of 39K to 40K is a constant such 
that equation 1 can be modified to 
t = 1/Xln[J(40ArJ39Ark)+1] 	 (2) 
40Arrd = radiogenic 40 
39Ark= 39 Ar derived from 39K 
where J is a parameter that relates to the neutron flux density and can be calculated 
along the length of the irradiated vial including a number of standard crystals of 
known age. 40ArJ/39Ark is calculated from the total 40Ar/39Ar measured in the mass 
spectrometer by making corrections for air, K and Ca. 
5.3.3 Methodology 
Samples were carefully chosen for their stratigraphic significance in each of the three 
basins, although only one occurrence of volcanic rock suitable for analysis was 
present in the Alasehir Graben study area. The locations of samples are illustrated on 
Fig 5.2, 5.3 & 5.4. The samples that were finally analysed were from silicic air-fall 
tuffs and a mixture of intrusive and extrusive volcanic rocks (Fig. 5.5). Plagioclase 
and biotite crystals were separated, cleaned, irradiated and single crystals were 
analysed by total laser fusion, in a static vacuum collector mass spectrometer. 
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40,39 ages and errors were calculated using standard techniques and corrections 
after Dalrymple et al. (1981). 
5.3.4 Results 
The results of the 40Ar/39Ar are tabulated in Appendix 5, and summarised in Figures 
5.5, 5.6, 5.7 & 5.8. 
A closely grouped set of single crystal analyses from each sample would be indicative 
of the crystallisation age of that sample. However, the results are more diverse than 
this simple scenario. In the main, both feldspars and biotites give closely grouped 
ages with the exception of some single grains (e.g. S2168 feldspar crystal) that gave 
very old ages, thought to represent xenocrysts from the underlying basement (M 
Pringle, pers. comm. 1997). In addition to this scatter some explanation must be 
given to explain why consistent, single crystal biotite ages differ from, single crystal 
feldspar ages within the same tuff sample (S2/1 1, S2/68; See Fig. 5.5). In sample 
S2/1 1 biotite ages are younger than the feldspars, whereas in S2/68 the feldspars are 
younger than the biotites. Three hypothesis are considered to explain these 
differences: 
Hypothesis A: All crystals are variably altered to younger ages, with the oldest 
biotites most closely indicating the age of volcanism. 
This hypothesis is supported by sample S2168 where the ages derived from feldspar 
grains are variable (23.9-16.9 Ma). The ages obtained from the biotites are much 
more consistent than the feldspars(21.4-18.5 Ma) (Appendix 5). 
Hypothesis B: All crystals are variably altered to younger ages, with the oldest 
feldspars most closely indicating the age of volcanism. 
This theory is supported by sample S2/11 where the feldspar ages (22.0-20.9 Ma) are 
slightly older than those for the biotites (20.7-20.4 Ma). Errors associated with the 
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feldspars are larger than for the biotites and the spread of biotite ages is much closer 
than for the feldspars (Appendix 5). 
Hypothesis C: The respective older phase of minerals are xenocrysts incorporated into 
the pyroclastic deposits, with the younger phase representing the igneous eruption 
phase of the tuffs. 
The erosive nature of pyroclastic deposits erupted through and onto older rocks is a 
common phenomena (Lobello et al. 1987; Sparks et al. 1998). Some basement 
derived, deformed biotite flakes are present within some of the samples e.g. S 2/5, and 
also some basement derived feldspars are present e.g. SUM, all of which are suspect 
(see Appendix 5). The deformed grains are usually distinguishable from the euhedral 
'igneous' biotites that were selected for single crystal dating but there is a possibility 
that they may be derived from earlier igneous eruptions, lower in the succession. This, 
however is not supported by thin section analysis as there are no volcanic clasts and 
the grains appear as part of a stable matrix. The close spread of younger biotite ages 
in sample S2/11 compared to the more variable, older feldspar ages, supports this 
idea. 
The two suspect samples both show similar ages that do not critically affect the 
conclusions of this study. It is impossible to say which of the hypothesis are correct, 
but it appears that the ages from the biotite grains in both samples are more accurate 
and reliable than the dates from the feldspars, with a very small scatter in comparison 
to the feldspars indicating variable alteration of both phases. Xenocrystic biotites are 
also more easily identified than xenocrystic feldspars, so there may be an element of 
xenocrystic feldspar contamination in sample S211 1. 
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Sample 
No. 
Type Size (Micron) Location Lithology Age (Ma) 
S113 Biotite 750-1400 Eskin, Selendi Acidic tuff 16.61±0.14 
S1/3 Feldspar 750-1400 Eskin, Selendi Acidic tuff 16.42±0.09 
S1/30 Feldspar 250-750 Toygari, Alasehir Pink Andesite 16.08±0.91 
S1/30 Biotite 750-1400 Toygari, Alasehir Pink Andesite 14.65±0.06 
S1/36 Biotite 750-1400 OBK, Gördes Rhyo-dacite 17.6±0.1 
S1/38 Biotite 750-1400 Balikh, Gordes Rhyo-dacite 17.62±0.07 
SlIM Biotite 250-750 North of Selendi Acidic tuff 18.89±0.58 
S2/5 Biotite 750-1400 YakakOy, Gördes Rhyo-dacite 20.86±0.08 
S2/5 Feldspar 250-750 Yakakoy, GUrdes Rhyo-dacite 20.45±0.38 
S2/11 Biotite 750-1400 Boyali, Gördes Acidic tuff 20.49±0.09 
S2/11 Feldspar 750-1400 Boyali, GOrdes Acidic tuff 21.71±0.04 
S2/24 Biotite 250-750 Loc. 52, GOrdes Acidic tuff 19.16±0.09 
S2165 Biotite 250-750 Eski Gördes Acidic tuff 18.30±0.09 
S2168 Biotite 250-750 Eski Gordes Acidic tuff 18.78 ±0.3 
S2168 Feldspar 250-750 Eski Gördes Acidic tuff 17.04±0.35 
Figure 5.5: Table summarising the samples dated, showing the mineral type, size 
fraction, location, lithology from which the mineral was taken and radiometric age. 
5.3.4.1 GOrdes Basin (Fig 5.2) 
The results from the GOrdes Basin are summarised in Fig 5.6, along with the exact 
location and stratigraphic significance. It can be seen that samples from the igneous 
intrusive rocks that cut the basin fill (S 1/36, S 1/38, S2/5) have ages between 17.6±0.1 
and 20.86±0.08 Ma which is in reasonable agreement with the K-Ar dates of 
Seyitoglu (1992) which date the same suite of rocks as between 18.4±0.8 and 
16.3±0.5 Ma (Seyitoglu et al. 1992). These rocks cut the whole of the basin fill 
(coarse poorly sorted conglomeratic facies, channelised and cross bedded sandstones 
and conglomerates, fine-grained laminated silt/sandstones with interbedded tuffaceous 
horizons; see Chapter 3). In addition to these constraints, four tuff horizons (S2/1 1, 
S2/24, S2/65, 52/68) were dated from within the uppermost part of the basin fill (fine- 
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grained laminated silt/sandstones with interbedded tuffaceous horizons),. The 
structurally lowest, the S2/11 tuff yields an age of 21.71±0.04 to 20.49±0.09 Ma. 
Structurally above, samples S2/65 and S2168 from the Eski-Gordes section (Section 
3.3.1.4), yielding respective ages of 18.30±0.09 Ma and 18.78 ±0.3 to 17.04±0.35 
Ma. Thus, the upper part of the the Gördes Basin succession is constrained as Early 
Miocene, both by cross-cutting intrusive relationships and also by volcaniclastic tuff 
horizons within the sediment. 
5.3.4.2 Selendi Basin (See Chapter 3; Fig 5.3 & 5.7) 
Although only two samples were analysed from the Selendli Basin (Sl/M, S1/3), both 
are stratigraphically significant, being tuffs from the upper part of the fine grained 
lacustrine/tuff facies (Section 3.3.2 & Fig. 5.3). Biotites from SlIM, taken from a tuff 
interbedded with limestones, yielded an age of 18.89±0.58 Ma (Early Miocene). 
Biotites and feldspars from S 1/3, a tuff from the very top of the basin fill, yielded ages 
of 16.61±0.14 and 16.42±0.09 Ma, respectively. Thus, the uppermost part of the fill 
of the Selendi Basin is constrained as being Early Miocene in age. These ages are in 
slight contrast to the conclusions of Seyitoglu (1997), who dates the uppermost part 
of the basin fill as 14.9±0.6 Ma, based on an interfingering igneous body whose 
relationship to the sediments was not observed by this author, although the early 
Miocene age is still in general agreement with this work. 
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Sample Mineral Age (Ma) Location (GR) Stratigraphic significance 
S1/36 Biotite 17.6±0.1 28010'02"- Cross-cuts the extension related and 
38052'39" post-extension basin fill 
S 1/38 Biotite 17.62±0.07 28010'58"- Cross-cuts the extension related and 
38050'49" post-extension basin fill 
S2/5 Biotite 20.86±0.08 28009'50"- Cross-cuts the extension related and 
38051'10" post-extension basin fill 
S2/5 Feldspar 20.45±0.38 28009'50"- Cross-cuts 	the 	alluvial 	plain 
38051'l0" sandstone facies. 
S2/11 Feldspar 21.71±0.04 28010'50"- Tuff horizon within upper level of the 
38051'53" sedimentary fill 
S2/11 Biotite 20.49±0.09 28010'50"- Tuff horizon within upper level of the 
38051'53" sedimentary fill 
S2/24 Biotite 19.16±0.09 28014'02"- Tuff horizon within upper level of the 
38053'00" sedimentary fill 
S2/65 Biotite 18.30±0.09 28018'51"- Tuff horizon from the top level of the 
38056'22" sedimentary fill 
S2/68 Feldspar 17.04±0.35 28018'51"- Tuff horizon from the top level of the 
38056'22" sedimentary fill 
S2/68 Biotite 18.78±03 28018'51"- Tuff horizon from the top level of the 
38056'22" sedimentary fill 
Figure 5.6: Table summarising the radiometric age data from the Gördes Basin, 
showing sample number, mineral type, age, location and stratigraphic 
significance/position within the basin fill. 
275 
Chapter 5: 40Ar 9Ar dating 
Sample Mineral Age (Ma) Location (GR) Stratigraphic significance 
S113 Feldspar 16.42±0.09 28057'36"- Upper 	level 	of 	fine-grained 
38048'36" lacustrine/tuff facies 
S113 Biotite 16.61±0.14 28057'36"- Upper 	level 	of 	fine-grained 
38048'36" lacustrine/tuff facies 
Sl/M Biotite 18.89±0.58 28054'30"- Interbedded with limestones from the 
38047'12" fine-grained lacustrineltuff facies 
Figure 5.7: Table summarising the radiometric age data from the Selendi Basin, 
showing sample number, mineral type, age, location and stratigraphic 
significance/position within the basin fill. 
5.3.4.3 Alasehir Graben (See Chapter 4, Fig. 5.4 and Fig. 5.8) 
The only suitable material for dating in the Alasehir Graben study area is a pink 
andesite body, sample S1/30 (Section 4.4.2) that occurs on the northern side of the 
basin. 40Ar/39Ar analysis yield ages of 16.08±0.91 Ma from plagioclase and 
14.65±0.06 Ma from biotites giving a Serravalian-Langian age (Early Miocene). The 
field relationships between this lava and the sedimentary fill is not conclusive. Only 
the upper levels of the fluvial/lacustrine rocks of the northern margin are in contact 
with the lava, and these appear to passively overlie the lava. 
Sample Mineral Age (Ma) Location (GR) Stratigraphic significance 
S1/30 Feldspar 16.08±0.91 28°27'24"- 
38028'24" 
Onlapped by upper levels of northen 
margin sediments. 
S1/30 Biotite 14.65±0.06 same. same. 
Figure 5.8: Table summarising the radiometric age data from the Alasehir Graben, 
showing sample number, mineral type, age, location and stratigraphic 
significance/position within the basin fill. 
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5.3.5 Implications of the new ages 
The implications of these new dates are wide ranging. In both the Gordes and Selendi 
Basins, the upper levels of the sedimentary fill are now rigidly constrained as Early 
Miocene in age. When combined with the structural and sedimentary information 
(Chapters 2 & 3) some interesting, novel conclusions are possible. These Early 
Miocene sediments have been shown to passively onlap the basement and extensional 
detachment surface that marks the boundary between the sediment and the basement 
(Chapters 2 & 3). It is then possible to infer that extensional detachment took place 
prior to the deposition of these sediments. The older basin sediments, that are 
overlain unconformably by these Early Miocene deposits and interpreted as being both 
syn- and post extensional in nature, can be inferred as having been deposited during, 
or prior to the Early Miocene. These inferences represent some modification on the 
work of Seyitoglu (1997) and Seyitoglu et al. (1992) (see Section 5.1), but agree in 
general that extension in the GOrdes and Selendi Basins was active in the latest 
Oligocene and into the Early Miocene. 
In the Alasehir Graben, only limited conclusions can be drawn from the single 
absolute age determined in this study. The lava dome that the age was obtained for 
occurs stucturally high up with respect to the sedimentary succession and is also only 
exposed on the northern margin of the basin (Fig 5.4) where limited outcrop occurs. 
In addition to this, the stratigraphic significance of the lava is not clear with the 
uppermost level of the basin fill passively overlying the dome. No relationship is seen 
with the older basin fill. Therefore we can only infer that the uppermost level of the 
Alasehir Graben fill, on the northern margin, was deposited at some point after the 
Early/Mid Miocene. This timing compares with the only other absolute 40Ar/39Ar 
ages from the area which constrain movement on the extensional detachment surface 
that marks the southern margin of the basin (Hetzel 1995; Hetzel et al. 1995). These 
authors dated movement on this fault using the syntectonic Salihli granodiorite that 
yielded ages between 19.5±1.4 to 12.2±0.6 Ma basin (Hetzel 1995; Hetzel et al. 
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1995). Thus it appears as if the Alasehir Graben developed slightly later than the 
GOrdes and Selendi Basins, with extension begining in the Early Miocene. This 
conclusion is in contrast to Seyitoglu & Scott (1996a) who state that all three basins 
developed coevally. 
5.4 Conclusions 
• Single crystal 40Ar/39Ar dating identifies xenocrystic contamination and is essential 
for constraining the timing of extrusive volcanism within the west Turkey 
extensional province. 
• New 40M/39M dates from biotites and feldspars in all three basins yield reliable 
Early Miocene ages taken from both volcaniclastic tuffs, extrusive lavas and 
intrusive volcanic rocks. 
• Scatter in the data is ascribed to some xenocrystic contamination. Differences 
between biotites and feldspars within the same sample, whilst small and close to 
error, are ascribed to alteration of one or other of the phases. This matter could be 
determined by future step heating single crystal total fusion. 
• Within the Gördes and Selendi Basins the new ages constrain the upper part of the 
basin fill as being Early Miocene in age (21.71±0.04 to 16.42±0.09 Ma). These 
rocks have already been interpreted as being deposited post-extensional 
detachment in the basins (Chapter 3). Thus, it is interpreted that both basins 
developed coevally with extension taking place initially in the latest Oligocene and 
Early Miocene. 
• The Alasehir Graben is less well constrained, although a lava dome on its northern 
margin yields an Early/Mid Miocene age (16.08±0.91 to 14.65±0.06 Ma), and is 
overlapped by only the youngest sediments in that area. This age corresponds to 
the 40Ar/39Ar age proposed for extension on the Alasehir extensional detachment 
zone from the Salihli granodiorite (19.5±0.4 to 12.2±0.4 Ma (Hetzel et al. 1995). 
The older age, from an amphibole, is interpreted as the crystallisation or intrusion 
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age, beacause of the high closure temperature for amphibole (Hetzel 1995) and the 
lower to middle greenschist facies conditios in the surrounding cover series rocks 
during extensional deformation. The younger age, from biotite, is interpreted to be 
a cooling age that indicates ductile extension lasted until at least upper Miocene 
times (Hetzel 1995). 
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Chapter 6 
IGNEOUS GEOCHEMISTRY OF VOLCANIC ROCKS FROM THE ALASEHIR 
GRABEN, GORDES AND SELENDI BASINS 
This chapter aims to outline the geochemistry of various igneous rocks that occur 
within the three basins in this study. This late Cenozoic activity will then be placed 
into the regional tectonic framework (Chapter 2). The style and variation of the 
geochemistry of the extrusive and intrusive rocks within the study area will allow a 
more complete evolutionary picture to be developed for the region and for each basin 
(Chapter 7) when combined with the sedimentology (Chapters 3 & 4), structure 
(Chapter 2) and chronostratigraphic framework (Chapter 5). Previous work 
concerning the igneous evolution of the area will be summarised. The major and trace 
element geochemistry of basalts, basaltic andesites and related rocks were analysed 
and used to shed light on the magmatic processes that took place during the crustal 
extension of the region. Appendix 3 describes the x-ray fluorescence technique used 
to obtain the major and trace element data, with results also being tabulated. 
6.1 Previous work 
Tertiary to Quaternary volcanism in the Aegean region developed in two areas 
(Seyitoglu 1992)(Figs. 6.1 & 6.2). In the north Aegean, Oligocene to mid Miocene 
volcanic activity took place in Thrace, west Turkey and the central Aegean Sea. 
Innocenti et al. (1982) attributed this to Oligocene-Miocene subduction between 
Eurasia and the Anatolide-Tauride platform, during the Eocene-Oligocene (Chapter 1; 
Innocenti et al. 1981, 1982; Fytikas et al. 1985). Later, late Miocene to Quaternary 
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volcanic activity in this region has been attributed to extensional tectonics (Seyitoglu 
1992; Seyitoglu et al. 1997). Pliocene to Quaternary volcanism also took place in the 
south Aegean and this is attributed to the active subduction of the Hellenic arc 
(Innocenti et al. 1981; Fytikas et al. 1985). In the region of Kula, basalt lava flows 
and cones dominate the landscape (Bunbury et al. 1991). Bunbury et al. (1991) 
recognise 4 main periods of activity ranging from 1 Ma to 10 ka, with the basalts 
being olivine and pyroxene bearing with leucite in the ground mass. They are also 
enriched in incompatible elements. 
Previous authors (Yilmaz 1989, 1990; Savasçin & Guleç 1990; Savascin 1991; Guleç 
199 1) have divided the volcanic rocks into two broad geochemical groupings (see Fig. 
6.3). An andesitic suite contains calc-alkaline to shoshomtic high-K rocks that are 
correlated with a compressional regime. The other suite is a basaltic group, with an 
alkaline affinity that developed towards the end of the late Miocene as compression 
gave way extension. Hence it is important to compare geochemistry of rocks of 
known age with the proposed timing of onset of N/S extension in west Turkey. 
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6.1.1 Gördes Basin 
Within the Gordes Basin, Nerbert (1961) studied the volcanic succession that cuts the 
sedimentary fill of the basin and thought it to be of Mid-Late Miocene age. Ercan 
(1983) carried out geochemical analysis of major elements from these rocks and 
classified them as calk-alkaline dacites, rhyolites and rhyodacites. Yagmurlu (1984) 
correlated these rocks with similar volcanics in th Usak/Selendi Basin (Ercan et al. 
1978) (Section 6.1.2). More recently, Seyitoglu et al. (1992) examined the volcanic 
rocks again with a view to reappraising the timing and tectonic framework. They 
used K-Ar dating to constrain the igneous rocks as between 18.4±0.8 and 16.3±0.5 
Ma (Early Miocene). Seyitoglu et al. (1992) also conducted geochemical analysis on 
whole rock samples. According to their major element content the central volcanic 
rocks in the centre of the Gordes Basin are calc-alkaline dacites and rhyolites. The 
rocks are enriched in LIL elements (Ba, Rb, Th, K) and relatively depleted in HFS 
elements (Nb, P. Ti). These patterns show similarities with subduction-related 
Andean volcanics (Hickey-Vorgas et al. 1989). REE patterns show an enrichment of 
LREE relative to HREE (LaN/YbN = 4 to 11), consistent with melting involving 
residual garnet. Seyitoglu et al. (1992) interpret the Gördes volcanic rocks to have 
similar trace element patterns to the Early Miocene caic-alkaline intermediate to acid 
volcanics of western Turkey (Innocenti et al. 1979). These patterns indicate a 
subduction related geochemical signature (Wood et al. 1979). However they are also 
interpreted to have developed after the closure of the Izmir-Ankara suture (Chapter 1) 
and it has been suggested by Guleç (1991) that they originated from subduction-
modified lithospheric, or shallow asthenospheric mantle. Paton et al. (1992b), also 
suggest that the volcanics from west Turkey are very enriched in incompatible 
elements, and could not have been produced by single stage melting of the 
asthenospheric mantle. They state that enrichment is greatest where the amount of 
extension and volume of volcanism is least. Rare earth element modelling (Mckenzie 
& O'Nions 1991) has been used to argue that the source of the melts in this region 
was originally depleted relative to the MORB source, by removal of arc-type melts, 
and later enriched with a very small amount of a small-melt-fraction from the dry 
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asthenosphere. This would require time for the depleted mantle to be re-enriched, 
consistent with a two-stage model in which the volcanics were not related to 
contemporary subduction. Seyitoglu et al. (1992) essentially agree with this and 
suggest suggest that the arc-related signature is inherited from pre-Miocene 
subduction, analogous to the origin proposed for caic-alkaline volcanic rocks of the 
Basin and Range province that were erupted during a period of extensional tectonics 
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6.1.2 Selendi Basin 
A considerable range of Tertiary volcanic rocks has been described from the 
sedimentary sequences of the Selendi Basin (Ercan et al. 1978, 1983). In addition to 
these rocks, there is also a large exposure of Plio-Quaternary volcanics that overlie 
some of the basin fill and provide a useful comparison (Bunbury et al. 1991; Paton 
1992). No reliable geochemical analysis or radiometric ages were available for this 
basin until Seyitoglu et al. (1997) published some K-Ar ages and and major/trace 
element data for the Usak, Selendi and Emet Basins. Seyitoglu's data reveal a change 
from dominantly calc-alkaline and siliceous activity in the Early Miocene, to largely 
alkaline and maflc volcanism in the Middle Miocene. They interpret this as reflecting 
a decreasing amount of crustal contamination with time, related to an extensional 
tectonic regime. These authors also recognise high levels of incompatible elements 
(e.g. K) in mafic material that they interpret to represent an enriched subcontinental 
lithospheric source region for the Mid-Miocene lavas. Variable Nb/Y, Ti/Y and 
Tb/Nb ratios suggest a lithosphenc mantle heterogeneously enriched by two process: 
(1) subduction-related processes producing high Th/Nb but low Nb/Y and Ti/Y. (2) 
enrichment by small degree melts of depleted upper mantle leading to low Tb/Nb but 
high NbIY and Ti/Y. Seyitoglu et al. (1997) interpret both processes to have variably 
contributed to Mid-Miocene K-rich lavas in the Selendi Basin. They consider 
decompression melting due to extension as the mechanism reponsible for production 
of magma. The Plio-Quaternary Kula lavas are also enriched in incompatible 
elements, but are sodic reflecting their derivation from melting of anhydrous 
asthenosphere (Bunbury et at. 1991; Seyitoglu et al. 1997). High levels of variation 
in incompatible elements are present, relative to OIB, which are interpreted to mean 
that the Kula lavas may represent asthenosphenc melts contaminated on their ascent 
through previously enriched lithosphere, and resulting from extension and thinning of 
that lithosphere (Paton 1992b; Mckenzie & O'Nions 1995; Seyitoglu et al. 1997). 
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6.1.3 Alasehir Graben 
In view of the paucity of igneous rocks within the Alasehir Graben, there is currently 
no published work concerning the geochemistry of those that are present. In this 
study, the major and trace element data of the only exposed outcrop of andesitic lava 
in the study area is considered (Toygari, see Fig 6.4). This information will be 
integrated into the pre-existing geochemical framework for the region. 
6.2 Sample selection and analysis 
As an extensive database concerning the intrusive and extrusive lavas already exists 
for the region (Section 6. 1), this study concentrated on the geochemistry of the 
volcaniclastic extrusive deposits that are present in the Gordes and Selencli Basins. In 
addition to this, a number of andesites were examined from the Alasehir Graben 
(S3/50, S2/198). Having accurately dated the rocks from each basin, a good 
chronostratigraphic time frame exists, with which to interpret the geochemical 
analyses (Chapter 5)(Fig 6.5). Samples were selected for their lack of alteration and 
where possible, proximity to a sample that was used for Ar/Ar dating (to allow an 
accurate age to be inferred). The most suitable of the samples were found in the thick 
tuffs of the Gordes Basin with 2 samples taken from the Selendi Basin and 2 samples 
from the Toygari Andesite in the Alasehir Graben. 
Twenty one samples were analysed for major and minor trace elements using standard 
XRF techniques at the University of Edinburgh (Appendix 3). Some samples (S2/86, 
S2/18, S2128, S2/39, S2/41 contained very high Ba (0.5-2.0 wt%) which was not 
taken into account in matrix correction of the major elements, thus making the 
corresponding major element analyses slightly inaccurate. Samples S2/18, S2/47 and 
S2/86 have apparent negative concentrations of REES coupled with abundant K and 
Rb. A high level of Cs is thought to be responsible for this spurious result due its 
contribution to the La background value used in the analysis (D. James. Pers. Comm. 
1997). 
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Figure 6.4: Map of the study area showin the position of the extensional basins and 
the sites of samples used in geochemical analyses 
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Sample No. Location Lithology Age 
S21102 Selendi TO 21-16 Ma 
S2/106 Gordes Andesite 20-17 Ma 
S2/113 Gordes TO 20-17 Ma 
S2/124 Gordes Basalt Pre- Miocene 
S2/1 24A Gordes Basalt Pre- Miocene 
S2/1 24B Gordes Basalt Pre- Miocene 
S2/1 24C Gordes Basalt Pre- Miocene 
S2/125 Gordes Palagonite TO Pre- Miocene 
S2/127 Gordes Diabase Pre- Miocene 
S2/18 Gordes TO 20-17 Ma 
S2/198 Alasehir Andesite 16-14 Ma 
S21204 Selendi TO 21-16 Ma 
S2/22B Gordes TO 20-17 Ma 
S2/28 Gordes TO 20-17 Ma 
S2/30 Gordes Leucrogranite 24-21 Ma 
S2/39 Gordes TO 20-17Ma 
S2/41 Gordes TO 20-17 Ma 
S2147 Gordes Leucrogranite 24-21 Ma 
S2164 Gordes TO 20-17 Ma 
S2186 Gordes TO 20-17Ma 
S3/50 Alasehir Andesite 16-14 Ma 
Figure 6.5: Table showing samples used for geochemical analyses, location, lithology 
and age (Ar/Ar). 
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6.3 Major and minor element trends 
A graph of Si0 2 vs K20 + Na20 shows that the majority of the rocks analysed in this 
study are dacitic, with some rhyolites and andesites (Fig. 6.6) (after Le Bas et al. 
1986). These rocks also exhibit a calc-alkaline affinity when plotted on an AFM 
diagram (Fig 6.7). These samples are all Early Miocene in age (Fig. 6.5) ranging from 
21-16 Ma. These patterns are similar to those described for lavas by Seyitoglu et al. 
(1992) and Seyitoglu et al. (1997). All of the extrusive rocks are strongly potassic (2-
8 wt%). 
The rocks exhibit low concentrations of MgO and also low concentrations of Cr and 
V (Figs. 6.8, 6.9 and 6.10) consistent with them being thoroughly evolved. MORB-
normalised multi-element diagrams' reveal many similarities between the 
volcaniclastic material and other Early Miocene volcanics from west Turkey (see 
Seyitoglu et al. 1992; Seyitoglu et al. 1997). They display enrichment of the large-
ionlithophi1e elements (LILE; Ba, Rb, Th, .K) and also depletion of the high-field-
strength elements (HFSE) relative to OIB (Ocean Island Basalt) (Fig 6.11). The Sr 
trough is attributed to plagioclase fractionation (Seyitoglu et al. 1997) which is not 
normally seen on a basalt plot. 
'Morb normalised element diagrams are usually only used for basalts, although in this study they are 
used to compare samples with previous authors data. 
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Late Miocene intrusive volcanic field (Seyitoglu et al. 1997) 
Early Miocene intrusive volcanic field (Seyitoglu et al. 1997) 
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Figure 6.6: Total alkali-silica diagram (Le Bas et al. 1986) with subalkaline-alkaline 
dividing line of Miyashiro (1978). Shaded areas represent data from volcanic 

















Figure 6.7: AFM diagram with tholeiitic-calcalkaline dividing line of Irvine & 
Baragar (1971). 
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Figure 6.11: MORB-normalised spider diagram of intrusive and extrusive rocks from 
the Gördes/Selendi Basins and Alasehir Graben (normalising values from Pearce 
1982). SE3 = typical intrusive sample from Selendi Basin for comparison (from 
Seyitoglu et al. 1997) 
6.3.1 Gördes and Selendi Basins 
The results from the extrusive rocks from the Gordes Basin mirror those for the 
intrusive rocks analysed by Seyitoglu et al. (1992). Slight differences are present, 
with tuffs being more dacitic in character (Fig. 6.6) compared to the dominantly 
rhyolitic signature of the intrusive rocks. Similar patterns are present when 
comparing Early Miocene intrusive rocks from the Selendi Basin with the 
geochemical analysis of two tuffs from the upper levels of the basin till (S2/102, 
S2/204) (Seyitoglu et al.). Trace element patterns and multi-element MORB spider 
diagrams show great similarities with the patterns determined by Seyitoglu et al. 
(1992, 1997). 
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6.3.2 Alasehir Graben 
The sample of lava from Toygari, on the northern margin of the Alasehir Graben (Fig. 
6.4) shows an andesitic/dacitic character (S2/198, S3/50), again with a similar trace-
element pattern to the other intrusive/extrusive rocks of the Gordes and Selendi 
Basins (Fig. 6.11). 
6.3.3 Ophiolitic mélange basalts 
Some of the samples analysed were taken from Late Mesozoic mélange present in the 
Gördes Basin (Fig 3.6; Chapter 3) and these (samples S2/124,a, b, c, & S2/127) 
differ, from the younger extrusive volcanics in the basin. These basalts are inferred to 
have originated during early Mesozoic rifting of a Neotethyan basin and then sutured 
(Izmir-Ankara-Erzincan Suture Zone of Sengor & Yilmaz 1981), and then were 
emplaced within ophiolitic mélange in latest Cretaceous-Early Tertiary times (Collins 
1997). When plotted on the Total-Alkali-Silica diagram (Fig. 6.6) they he in the 
basaltic fields and not the rhyo-dacitic field of the tuffs and lavas. The basalts are 
depleted in LILE and have a tholeiitic character when compared with the other rocks 
analysed in this study (Figs. 6.12 & 6.13). 
When plotted on a discrimination diagram for basalts based on Zr and Ti (Pearce 
1982; Fig. 6.13) the basalts from the mélange plot within the MORB field. 
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Figure 6.12: MORB normalised spider diagram of selected rocks from ophiolitic 
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Figure 6.13: Discrimination diagram for volcanics based on Ti-Zr variation (after 
Pearce 1982). Data from ophiolitic mélange volcanic inclusions (Gördes Basin). 
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6.4 Discussion 
Within the latest Oligocene-Early Miocene time interval, in the Alasehir Graben, 
Gördes and Selendi Basins, the new data supports the findings of Seyitoglu et al. 
(1992) and Seyitoglu et al. (1997) that volcanism was dominated by calc-
alkaline/acidic volcanics that are both geochemically and stratigraphically similar to 
pyroclastic air-fall tuff deposits present within the upper parts of the basins (Chapters 
3, 4, & 5). Since these deposits are clearly syn- to post extensional (Chapter 3) with 
regard to the opening of the basins, the geochemical signatures of the deposits need to 
be interpreted with this constraint in mind. Thus, for the geochemical results of this, 
and other studies to be reconciled with the extensional tectonic setting, an inheritance 
model must be envoked. This model is supported by the progressive shift towards 
less siliceous volcanics, during the Middle Miocene-Quaternary, as the inherent 
signature fades (e.g. Seyitoglu et al. 1997). 
The continental crust over west Turkey is thought to have been between 50 and 70 
km thick during the Early Miocene (Sengor et al. 1985) and consequently there is a 
strong likelihood that crystal fractionation and contamination processes modified the 
Early Miocene volcanics (Seyitoglu et al. 1997). Seyitoglu et al. (1997) also analysed 
the changes in geochemistry of igneous rocks in west Turkey from the Early Miocene 
to the present day. They noted a change from caic-alkaline acidic rocks to more mafic 
lavas by the Middle Miocene, with samples by the reaching MgO wt % > 9. This 
change in composition could be caused by the facilitation of emplacement through 
extensional, crustal-scale fractures. This idea is supported by the close relationship 
between the cental volcanic complex of the Gördes basin and the large, high-angle 
faults that cut the central basin fill (Fig. 3.6). Seyitoglu et al. (1992) suggest that later 
stage magmas follow similar paths to early magmas and became subsequently less 
contaminated with time. In addition to this, as active lithospheric extension 
continued, the crust neccessarily thins (e.g. Gibson et al. 1993), again leading to lower 
levels of contamination with time. This trend has been observed in other regions of 
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continental extension such as the Basin and Range of west USA (Glazner & Ussler 
1989). 
West Turkey, has a complex tectonic setting (Chapter 1) representing a broad 
continental rift zone similar to the Basin and Range Province, west USA, and also a 
continental/microplate-subduction zone setting (similar to the Andes & Cascades). 
This study has shown that compressional tectonics had ceased in this area by the latest 
Oligocene/Early Miocene and had been superceeded by N/S extensional tectonics 
(Chapters 2, 3, 4 and 5). It thus appears as if the latest Oligocene-Early Miocene 
caic-alkaline/acidic volcanics had an inherited, subduction-related signature, but one 
that occurred during a N/S extensional regime. Continued extension and related 
thinning of the lithosphere led to the later change to alkaline/mauic volcanism. 
6.5 Conclusions 
• Early Miocene volcaniclastic sediments in the Gördes and Selendi Basins exhibit a 
rhyo-dacitic geochemical signature that, along with the trace element pattern, are 
very similar to the patterns described in previous literature for Early Miocene 
intrusive and extrusive igneous rocks (e.g. Seyitoglu 1992). 
• Tuffaceous deposits are shown in this study to have been deposited during and 
after initial extension commenced in the area (Chapters 2 & 3). Thus the 
geochemical signature can be interpreted in a specific tectonic framework. 
• The rocks from all three basins have an evolved calc-alkaline pattern that is 
interpreted to be an inherited signature from a subduction-related compressional 
setting that took place prior to the onset of extensional tectonics in the latest 
Oligocene-Early Miocene. 
• In addition to the geochemical similarities, the ages of the volcaniclastic sediments 
are also close, ranging from 21-16 Ma (E. Miocene) to the volcanic intrusive 
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bodies present in both the Gördes and Selendi Basins. This allows speculation that 
the volcanic centres may have been the source for the tuffaceous sediments. 
• Later, geochemical patterns become more mafic and alkaline (according to 
Seyitoglu et al. 1992, 1997) and are thought to be due to continued extension, 
thinning of the crust with related diminishing crustal contamination. 
• Basaltic blocks from the ophiolitic mélange in the Gördes Basin, interpreted to be 
from the Izmir-Ankara suture (Chapter 3), have a MORB signature and contrast 
greatly with the other rocks analysed in this study. 
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Chapter 7 
IMPLICATIONS OF THIS STUDY FOR MODELS OF THE LATE TERTIARY 
EVOLUTION OF THE NORTHERN MENDERES MASSIF, AND THE EASTERN 
MEDITERRANEAN. 
This chapter will summarise the sedimentary, structural, age and geochemical 
evolution of the sedimentary basin system located along the northern margin of the 
Menderes Massif presented in this study (Chapters 2, 3, 4, 5 & 6). The data will be 
synthesised into a model that explains the development of west Turkey through the 
late Tertiary (Oligo-Miocene) to the present day. This model will then be used to 
help re-evaluate aspects of the evolution of the eastern Mediterranean, and in 
particular, to constrain the driving mechanisms of extension in west Turkey (see 
Chapter 1). Implications for similar, core-complex extensional settings elsewhere 
will also be discussed in light of the findings of this study. 
7.1 Tectono-stratigraphic model of extensional basin development on the 
northern Menderes Massif. 
The main events of the tectonic and stratigraphic evolution of the extensional basins 
situated on the northen Menderes massif are summarised below for the Gördes and 
Selendi Basins and then for the Alasehir Graben. These three basins will then be 
integrated to provide a regional synthesis. 
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7.1.1 Gördes & Selendi Basin development 
North/south extensional deformation of the Gordes and Selendi Basins began in the 
latest Oligocene-early Miocene (Seyitoglu and Scott 1991; Seyitoglu 1992; 
Seyitoglu & Scott 1992; Seyitoglu et al. 1992; Seyitoglu & Scott 1994; Seyitoglu 
1997; Purvis & Robertson 1997) on a large, regionally-extensive, corrugated, 
extensional detachment surface (Verge 1993; Purvis & Robertson 1997). Detailed 
field mapping in this study of the structural and sedimentary relationships on the 
margins of both the Gördes and Selendi Basins reveal that the contact between the 
metamorphic basement of the Menderes massif and the sedimentary fill of both 
basins is a gentle (-15 °), north-dipping, scoop-shaped surface when viewed parallel 
to the tectonic transport direction (Figs. 7.1a & 7.2). The basement lithologies of 
both basins exhibit ductile extensional fabrics, i.e. extensional mineral lineations, 
rotated porphyroblasts and deformed mineral grains (mica fish) that all indicate 
regional top-to-the north-east sense of shear. Progressive deformation on this 
surface, representing a transition from ductile to brittle deformation is observed. A 
single detachment bounds both the Gördes and Selendi Basins, and the intervening 
Demirci Basin (see Fig. 7.2). 
The formation of culminations and depressions on the detachment give rise to 
NE/SW trending, isolated depocentres, as repeated from other highly extended, core-
complex terrains (John 1987; Davis & Lister 1988; Spencer & Reynolds 1991; Dinter 
& Royden 1993; Friedmann & Burbank 1995). The northern Gördes and Selendi 
corrugations have a wavelength of 15-25 km and an estimated amplitude of 1-3 km. 
No upper plate metamorphic rocks are present in the region of either basin and 
presumably due to the large amount of NE/SW extension (>50km) on the detachment 
fault, that has displaced upper plate metamorphics to beneath the Izmir Ankara Zone. 
This interpretation is supported by the presence of numerous outcrops of ophiolitic 
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WO 
Figure 7.1: Three-dimensional model of the development of the Gördes/Selendi 
Basin through time. A) movement on the detachment surface and syn-tectonic fan 
deposition; note emplacement of ophiolitic melange onto the detachment surface. B) 
Syn-rift sediments were rotated, unconformably overlain by alluvial plain sediments. 
C) Lacustrine sediments dominate and were later inundated by air fall tuffs. 
Emplacement of central rhhyo-dacitic volcanics, exposing earlier sediments. Late-
stage high-angle faulting also cuts the basin fill. 
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Figure 7.2: Cross-section parallel to tectonic transport direction showing the 
corrugated morphology of the three basins, relatively thin basin fill and relationship 
of melange to the detachment surface. (For location of section, see Chapter 2, Figs 
2.8 & 2.9). 
mélange that sit on top of the extensional detachment surface in both basins (Verge 
1993; Purvis & Robertson 1998). No conclusive evidence exists as to the steep or 
shallow origin of the extensional detachment fault system(see Chapter 2). The origin 
of this phenomenon is controversial (Buck 1998). One idea is that these faults 
initially slipped with a low dip angle. Another is that the faults originated at a high 
angle and rotated to a low clip (Buck 1988; Wdowinski & Axen 1992). A full 
discussion of this controversy is presented in Chapter 2. The steep and irregular dips 
of the oldest basin sediments, that are interpreted to be syntectonic with movement 
on the detachment, do not indicate that major rotations of the fault surface have taken 
place (Fig 7.3). Some rotation is not discounted but recent seismic evidence suggests 
that low-angle faults are active in west Turkey today at angles of 300  and below 
(Eyidogan & Jackson 1985). 
Both the Gördes and Selendi basins include coarse, poorly sorted conglomerates 
(-200m) thick that are interpreted as alluvial fan sediments mainly deposited as 
debris-flows and sheetfloods, from the south towards the north and sourced from the 
MMC. The fan deposits are exposed in the centre of each basin; due to deep erosion 
in the Selendi Basin and where uplifted by the central volcanic complex in the 
Gördes Basin. The sediments dip steeply and thicken into the basement beneath and 
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are interpreted as being syntectonic with respect to extension on the detachment fault 
system (Fig. 7.1b). 
60 
200 	 a 
Angle of 
fault Dip of sediemts 
b 
C 
Figure 7.3: Schematic diagram showing fault angles and the related dip of 
sediments in the Gordes/Selendi Basins. A) Shows that observed in the field today. 
B) & C) shows the angle of dip of sediment if the fault was rotated back to a steeper 
angle from that observed in a). For sediment deposited in a horizontal position, a 
fault of 800 would be required. This is possible but the variation in dips in the field is 
difficult to explain. 
Subsequent sedimentation unconformably overlies these earliest deposits and 
consists in both basins of a series of fluvial/alluvial sandstones and conglomerates 
that fine upwards from braided stream deposits into finer grained alluvial plain 
sandstones and conglomerates. These deposits all have a northward palaeocurrent 
direction, are relatively flat lying and passively onlap the detachment surface (Fig. 
7. ib) with a total thickness estimated at between 400-600 metres in each basin. 
Again, in both the Gördes and Selendi Basins, the fluvial sedimentation passes into 
fine-grained lacustrine sediments, that exhibit palaeosol development, mudcrac king 
and freshwater bivalves and gastropods. These deposits represent a shallow, closed 
303 
Chapter 7: Implications 
freshwater lake that may have been formed by an increase in precipitation during the 
early Miocene and the closed nature of the drainage basin. The lake sediments were 
later inundated by fine, silicic air-fall tuffs with fresh,volcanic biotites and feldspars. 
New 40Ar/39Ar age dates on these minerals yield a stratigraphically significant time 
control on the uppermost parts of the Gördes and Selendi Basins. These new dates 
indicate an early Miocene age for this level of the sedimentary fill (21.71±0.04 to 
16.42±0.09 Ma) . These lacustrine and tuffaceous sediments passively onlap the 
detachment surface and have a total thickness of —200-400 metres. The timing of 
development of the Selendi and Gördes Basins is further constrained by K-Ar dates 
from rhyo-dacitic igneous bodies that cut the basin fills of both basins and limit their 
age to late Oligocene to Early Miocene (21-15 Ma) (Seyitoglu et al. 1992). The 
tuffaceous deposits show similar geochemical affinities to these intrusions and may 
be related to the igneous event responsible for the intrusions (Fig. 7. ic). These rocks 
are interpreted to have subduction-related geochemical character that is a residue 
inherited from the compressional phase prior to extension (Seyitoglu et al. 1997). 
Both basins are cut by high-angle E/W trending normal faults that cut both the entire 
basin fill and detachment surface (Fig 7.1c). These faults are concentrated in the 
centres of both basins and have caused the tilting of the basin fill, although no 
sedimentation is associated with this phase of faulting.. Recent seismic evidence 
indicates that active extension and normal faulting are still taking place today 
(Eyidogan & Jackson 1985). Present-day drainage is now external towards the 
Aegean Sea and only limited quantities of recent alluvium are deposited in both 
basins, with the dominant process being erosion and downcutting. 
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7.1.2 Alasehir Graben Development 
Extensional deformation began in the late Miocene in the Alasehir Graben (some km 
to the south of the Gördes & Selendi Basins). As with the evolution of the Gördes 
and Selendi Basins, initial extension took place on a presently low-angle (15200), 
north-dipping, extensional detachment fault. This surface separates crystalline 
metamorphic rocks of the Menderes Massif from low-grade metamorphic rocks and 
sediment. Small (<1km2) high-grade klippen of metamorphic augen gneiss are in 
tectonic contact with the detachment surface. Unlike in the Gordes and Selendi 
Basins, upper plate metamorphic rocks (hanging wall) are still visible, forming the 
northern margin of the graben. The detachment surface itself, exhibits ductile and 
brittle fabrics, ranging from mineral elongation lineations, rotated porphyroblasts, 
deformed minerals, striations, cataclasite formation and microscale faults. The 
ductile fabrics all indicate extensional deformation with a top-to-the-NE sense of 
shear. The detachment surface itself appears laterally continuous and marks the 
southern margin of the graben, although some lateral segmentation of the fault on a 
6-10 km scale is observed, along with a strongly corrugated morphology (Figs. 7.4) 
characteristic of supra-detachment basins (Friedmann & Burbank 1995). The 
corrugations have a wavelenth of 6-10km when viewed parallel to the transport 
direction (NE). Movement on the detachment surface is constrained as having taken 
place between 19.5±1.4 and 12.2±0.4 Ma through 40ArI39Ar of the syn-tectonic 
Salihli granodiorite (Hetzel et al. 1995), confirming that extension began at least by 
the early Miocene and continued into the Middle Miocene (Hetzel et al. 1995; Hetzel 
1995). Evidence for the initial attitude of the detachment fault is limited, but recent 
seismic activity (1969 Alasehir earthquake) is indicative of normal faulting on a 30 ° 
north-dipping surface, with two, flatter sub-events interpreted as being due to near 
horizontal detachment faulting (Eyidogan & Jackson 1985). Thus, low-angle normal 
faulting (<30°) is active in this setting. This suggests that the detachment surface 
represents a lower crustal fault that nucleated at <30 ° and has been rotated by —15 0 
into its present position (Hetzel 1995). 
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Figure 7.4: Model of a closed and terrestrial supradetachment basin (after 
Friedmann et al. 1996). 
The basin fill is highly asymmetrical with most sediment being exposed on the 
southern margin. Initial sediments consist of -200m of areally restricted lacustrine 
and fan-delta deposits that are interpreted to have developed in the initial internal 
draining accomodation space generated by early movement on the detachment 
surface. Recent data concerning the palynology of these lacustrine rocks (Ediger et al. 
1996) suggests an Early-Mid Miocene age. These localised lacustrine sediments 
exhibit some extension-related deformation in the form of shearing, folding and 
faulting. Unconformably overlying and surrounding these restricted, early, sediments 
are -500 metres of laterally extensive, coarse, red alluvial fan conglomerates that 
were mainly deposited as debris flows and sheet-floods, sourced from the MMC in 
the south(Fig. 7.5). These sediments dip strongly (20600)  towards the south, into the 
detachment surface. Where exposed, the conglomerates that are in contact with the 
detachment surface are strongly fractured, deformed and folded. The sediments 
thicken into the detachment surface and are interpreted as being syntectonic with 
regard to movement on the detachment surface, having been emplaced at varying 
angles through continued extension on listnc faults that sole into the detachment. 
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Figure 7.5: 	3-dimensional reconstruction of the development of the Alasehir 
Graben during the Miocene to recent. 
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Later sedimentation unconformably overlies the earlier deposits and is dominated by 
an axial fluvial system that flowed east to west and recycled underlying sediment as 
lithoclasts (Fig. 7.5). These sediments are estimated to be Mid-Late Miocene in age 
using palynological data (Ediger etal. 1996) Approximately 500-800 metres of cross-
stratified sandstone and conglomerate make up this formation and these pass upwards 
and interfinger with a 200-300 metre-thick succession of coarse, rounded alluvial fan 
conglomerates that are point sourced issued through breaks in the detachment fault 
system (Fig. 7.5). Within the study area, five separate fan lobes are recognised. Dips 
of the sediments are low (<200)  and both towards the north and the south. No 
accurate ages are available for these sediment, although it is postulated that they may 
be late Miocene-Pliocene and formed by a strengthening of rainfall in the latest 
Miocene (Messinian) (Griffin 1997) that increased runoff from the hinterland. 
Sediment exposed on the northern margin (hanging wall of the detachment system) 
appear as a thin veneer of southward-flowing lacustrine/fluvial and fan delta deposits. 
The upper levels of these sediments passively overlie a pink, andesitic lava dome that 
has an 40ArI39Ar age of 16-14 Ma (Chapter 5). 
The entire basin fill, on both margins, was cut by high-angle, north and south-
dipping, normal faults that offset the basement and tectonically juxtapose the 
different facies, whilst also exhuming the basin fill (Cohen et al. 1995; Dart et al. 
1995)(Fig. 7.5). No evidence exists for progressive development of this second 
phase of faulting, but the initiation of faulting may have aided the second phase of 
alluvial fan deposition in addition to the climatic driving mechanism outlined above. 
High-angle normal faulting is still active today and this has generated the classic east-
west morphology of the Alasehir Graben, superimposed on top of the detachment 
fault system. Seismic evidence from the Alasehir earthquake (1969) indicates that 
the high-angle graben-bounding fault flattened with depth to <30 ° at 6km and 
beyond. Present-day sedimentation is limited, with small fans developed at the front 
of the present graben margin, formed through strong incision and seasonal erosion of 
the exhumed basin fill. An axial fluvial system also exists and this is situated on the 
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northern margin of the present day graben floor having been displaced northwards by 
sediment issued from the southern margin. 
7.1.3 An integrated regional model 
N/S directed extension on the northern Menderes Massif was controlled by low-angle 
detachment faulting since the latest Oligocene/Early Miocene. The integration of the 
data from three basins described above allows a fuller picture of the extesional 
development of the northern margin of the massif to be developed. Age control in 
the Gördes and Selendi Basins is now well established (see Chapter 5) indicating 
onset of detachment faulting in the latest Oligocene/early Miocene (24.2±0.8 to 
21.1±1.1 Ma). The detachment surface is strongly corrugated and presently flat 
lying, creating the distinctive NE/SW trending basins, parallel to the tectonic 
transport direction (NE). Normal sedimentation within the Gördes and Selendi 
Basins, was dominated by early syn-extensional alluvial fans and was superceeded by 
post-tectonic fluvial/alluvial sandstones and gravels, and later lake development. 
Sedimentation in both basins ceased with the arrival of thick silicic air-fall tuffs, that 
when dated constrain the upper levels of the basin fill as Langhian-Serravallian 
(- l6Ma). 
The Alasehir Graben, is less well age constrained with only two absolute age dates at 
present in the study area. Movement on the north-dipping Alasehir Graben 
detachment fault is constrained, using the syn-tectonic Salihli granodionte (Hetzel et 
al. 1995) as having been active from at least 19.5±1.5 (amphibole isochron age) 
through to 12.2±0.4 Ma (biotite plateau age). Thus, extensional deformation was 
already active in Lower Miocene times and continued for at least 6 Ma. Syn-tectonic 
alluvial fans were emplaced onto the detachment surface at high angles and these 
deposits were followed by later axial-fluvial, westward-flowing sediments that 
recycled earlier sediments; these in turn were overlain by a second phase of Late 
Miocene-Pliocene alluvial fan sediments that may have been driven by strengthened 
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rainfall at that time. Lacustrine/fan delta deposits on the northern margin of the 
graben passively overlie an andesite lava dome at their upper levels, that has an 
40Ar/Ar age of 16 Ma (Chapter 5). 
It appears likely that extension and supra-detachment basin development began on 
the Gördes/Selendi Basin detachment fault slightly before the detachment in the 
Alasehir Graben. This development is summarised in Figures 7.6 & 7.7 
Cumulative extension on both systems is estimated at at least 60-80 km. The upper 
plate metamorphics are not visible in the Gördes and Selendi Basins, interpreted as 
being due to large amount of extension, but are exposed in the Alasehir Graben. The 
whole region is disected by high-angle east-west trending, north- and south-dipping 
normal faults that cut the detachment surfaces. These faults have resulted in a 
distinctly stepped topography of the Gördes and Selendi Basins,and are much more 
marked in the Alasehir Graben where the footwall was exhumed and now acts as a 
source for present day sedimentation. The timing of onset of this second phase of 
normal faulting is poorly constrained, but appears to have commenced in the Late 
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Figure 7.6: 	Schematic cross-section of the Menderes-Massif (modified from 
Hetzel et al. 1995b) showing the development of detachment systems and associated 
basins. 
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Figure 7.7: Three-dimensional schematic model of the northern Menderes 
showing the corrugated lower-plate that has formed the depocentres of the NE/SW 
trending Gördes and Selendi Basins and the more-gently corrugated, E/W trending 
Alasehir Graben. (N.B. The upper plate of the NE/SW trending basins is not shown 
for clarity). 
7.2 Implications 
7.2.1 Implications for the evolution of the northern Menderes Massif 
The implications of this study for the evolution of the northern Menderes Massif are 
wide ranging. The findings of this work conclusively proves the hypothesis of some 
previous workers (Hetzel et al. 1995; Seyitoglu 1992) that extension began in the 
latest Oligocene-Early Miocene. The timing of onset of extension in west Turkey has 
long been controversial and remains so today (Yilmaz 1998) and as such this work 
has important ramifications. The NE/SW trending Gördes and Selendi basins have 
not been previously recognised as being formed by detachment faulting related to 
N/S extension except speculatively by Verge (1993) who noted this in the Selendi 
region. Both basins have long been regarded as being bounded on on their east and 
west margins by high-angle normal faults (Seyitoglu 1992, 1997; Seyitoglu & Scott 
311 
Chapter 7: Implications 
1992) but with little detailed field evidence other than that of Helavci (1990) to 
support this assertion. Sengor (1987) proposed that these normal faults were cross 
faults related to the hangingwall deformation related to low-angle breakaway fault to 
the south in the Alasehir Graben (see Chapter 1) that was active in the Tortonian. 
The Early Miocene sediments found in the basins were proposed to be relict, or 
inherited from basins related to pre-Tortonian compression. None of these ideas are 
supported by this study. Instead, an overwhelming amount of evidence indicates that 
the faults are in fact part of a separate north-dipping, low-angle detachment fault 
system, with the Gördes and Selendi Basins formed within NE/SW corrugations on 
this surface. This hypothesis is suported by observations made in other core-complex 
areas (e.g. Friedmann & Burbank 1995; Crittenden et al. 1980). 
The structural/sedimentary model described for the Alasehir graben supports and 
builds on the findings of Hetzel (1995). Importantly, this study has defined the 
relationship between sediments that are related to the detachment fault in this area 
and the development of sedimentary architecture, on a regional basis, over time as 
extension progressed. This simplifies and clarifies the relationships between the 
sediments and structural features that have previously only been described on a 
limited basis (e.g. Cohen et al. 1995). The multiphase rift history, with 2 discrete 
phases of extension (Purvis & Robertson 1997) has not been proposed before and has 
important implications for the driving mechanism of extension (Section 7.2.2.1). 
7.2.1.1 Alternative models for basin evolution. 
In contrast to the model proposed in this thesis, previous workers have suggested 
other models for the evolution of the west Anatolian extensional basins and the 
unconformities that are observed between the sediments within them. These various 
models are summarised below. 
• Rift then post-rift subsidence (Verge 1993) 
• Extension and pulsed compression (Yilmaz 1998) 
• Pulsed rifting leading to pulsed subsidence 
• Compression followed by strike slip faulting 
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Rift plus post-rift subsidence 
In this model, proposed by Verge (1993), the basins are suggested as having been 
formed by Miocene rifting that was subsequently followed by a period of post rift 
subsidence. This allowed the basins to develop with initial rift-related sediments that 
were later unconformably overlain by flat lying sediments deposited as the basins 
subsided. 
This model has many similarities with that proposed in this thesis and some 
subsidence is not completely discounted. The model fails to consider the effect of 
continuing extension across the region and the role that this may play in the 
formation of the basins and structures within the basin fill. 
Extension and pulsed compression 
This model is popular with many Turkish workers (e.g. Yilmaz 1998) who suggest 
that pre Miocene compression of the region produced compression-related 
sedimentary basins that were later overlain by extensional sedimentary structures and 
sediments. This model allows late Miocene extension for the region as a whole with 
the older sediments being attributed to the earlier shortening of west Turkey. This 
model also accounts for the strong unconformities observed between the sedimentary 
units in each basin.Yilmaz (1998) and others have argued that the early lacustrine 
sediments were interbedded with Early Miocene acidic intrusives that are a result of 
compression. These authors have documented east-west trending folding of the Early 
Miocene lacustrine sediments. Yilmaz has interpreted this to indicate that the 
sediments were undergoing north-south compression in the Early Miocene. He also 
recognises NE/SW and NW/SE trending transpressional strike-slip faults associated 
with these folds. 
Field evidence for compressional basins beneath the present day extensional structure 
was not observed in any part of the field area in this study. No folding or related 
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structures in the sediments or basement support a pre Miocene shortening as a 
method for initial basin formation. In addition to this, the oldest sediments observed 
in the region are seen to be related to extensional structures within the basement. It 
thus, appears that this model cannot be used to explain the development of the basins 
and related unconformities in West Anatolia. 
Pulsed rifting and pulsed subsidence 
This model accounts for basin formation in terms of as series of discrete extensional 
events or pulses that were each followed by a time of basin subsidence that, 
collectively allowed large basins to develop along with a complex pattern of intra-
basinal unconformities. 
Field evidence appears to discount this model, although the basins do exhibit 2 
separate pulses of extension. Each of these phases are relatively continuous and not 
disrupted by post rift subsidence. This is supported by the fact that the sedimentary 
record does not contain the many unconformities that are would be formed if this 
model were active. 
Compression and strike-slip faulting 
The compression followed by strike slip faulting model could have generated the 
basins in west Turkey in a similar way to that suggested in the pulsed compression 
model. Initial compression has been suggested as producing related basins and these 
are then thought to have been deformed by strike-slip faulting as West Anatolia was 
extruded through continent-continent collision in Eastern Turkey. This would have 
led to a complex pattern of sediments, including a major unconformity. 
This model is thought unlikely to have caused basin formation and development as 
no evidence for compression is observed in the basin fill or surroundings. In addition 
to this, no strike slip structures are observed in the field. If this model were to be 
believed the major basin bounding faults would be expected to exhibit slickensides 
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and other features that showed a strike slip pattern. Where slickensides were seen, 
there sense of movement was normal to the fault plain. 
7.2.2 Implications for the evolution of west Turkey and the eastern 
Mediterranean. 
While this study has been limited to the basins on the northern margin of the MIMC, 
it has important implications for the rest of west Turkey and in particular the Buyuk-
Menderes Graben to the south (Fig. 1.1) and other extensional sedimentary basins in 
the region. Seyitoglu & Scott (1992b) focussed on the age of sediments in the Buyuk-
Menderes Graben and their tectonic significance and dated the basin as mid-
Burdigallian to mid-Serravallian (early Miocene). They make no mention of any 
low-angle normal faults although some mention is made by Sengor (1987) and Emre 
& Sözbilir (1997) who describe low-angle detachment structures. Reconnaissance 
fieldwork did not provide any clear cut evidence for south-dipping, low-angle 
detachment faulting. There is considerable scope for further work within the BUytik-
Menderes basin, mirroring this study in terms of the integration of structural data and 
sedimentology. Hetzel et al. (1995b) used data from the Alasehir Graben and central 
Menderes Massif to describe an overall dome-shaped foliation pattern. These 
authors use asymmetrical fabrics on either side of the dome, along with top-NE shear 
sense on the northern margin and top-SW shear sense on the southern margin to 
interpret bivergent symmetric collapse of the Alpine- Menderes complex along two 
extensional shear zones (Fig. 7.6). This line of argument is questioned by Westaway 
(1996, 1998) who, using theoretical arguments, postulates that low-angle normal 
fault dips are dependant on lower crustal flow regimes. He states (1998) that 
subduction of the Hellenic slab generated lower crustal flow outwards toward the NE 
beneath the Aegean, facillitating low-angle normal faulting towards the NE (as in the 
Alasehir Graben). But this model cannot explain south-dipping detachment systems 
in south-central Aegean (Bozkurt & Park 1994; Hetzel et al. 1995b). 
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A possible cross sectional model of the region is a modified version of that described 
by Hetzel et al. (1995b) (See Fig. 7.6) but with the extra SelendilGordes detachment 
system underlying those basins and material related to the Izmir-Ankara suture. 
Extensional sedimentary basin formation in SW Turkey during the Miocene took 
place coevally with thrust sheet translation (of the Lycian Nappes; see Chapter 1 and 
Fig. 7.8) (Collins 1997; Collins & Robertson 1998). The Tavas Basin contains rift 
related sediments of Oligocene-early Miocene (Collins & Robertson 1998). These 
authors interpret the coeval thrust sheet translation of the Lycian Nappes in the 
foreland region and extensional basin formation in hinterland regions of the Lycian 
Orogen (Chapter 1) to be the result of latest Oligocene-Miocene extensional collapse 
by gravity spreading (after Dewey 1988; Malavieille 1993). The SE thrusting of the 
Lycian allocthon (Collins 1997) continued until the Tortonian with the thrust pile 
being translated along a basal shear zone, envisaged as an extensional detachment 
reactivating a contractional shear zone (Collins & Robertson 1998). 
Thus, the overwhelming weight of evidence points towards a latest Oligocene-early 
Miocene commencement of N/S extensional tectonics in west Turkey. The next 
section will discuss the possible driving mechanisms of that extension in light of this 
timing (Section 7.2.2.1). 
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Neogene supra-allochthon basins 
Lycian Peridotite Thrust Sheet 
r  7-71 Lycian Melange 	 Lyctan Allochthon 
NV] Koycegiz Thrust Sheet 
Teke Dere Thrust Sheet 
'-< Karadag Thrust Sheet 
t:I Yavuz Thrust Sheet . 
Lycian Basement 
Figure 7.8: Structural Map of South West Turkey (From Collins 1997) 
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7.2.2.1 Driving mechanisms of extension in the Aegean region. 
One of the key questions that this study has aimed to answer is what process drives 
N/S extension in the Aegean region (see Chapter 1)? Previously, three possible 
driving mechanisms are proposed for the extension: 
• Tectonic escape model (after Dewey & Sengor 1979) 
• Back-arc spreading model (after Le Pichon & Angelier 1979, 1981) 
• Orogenic collapse model (after Dewey 1988) 
Each of these models is time dependent, and as such, with the onset of extension 
constrained to the latest Oligocene-Early Miocene, we are able to discriminate 
between each of the possible mechanisms. 
Tectonic escape model 
N/S extension in west Turkey has long been ascribed to tectonic escape of west 
Anatolia, which is being extruded westwards along the north and east Anatolian fault 
zones (NAFZ & EAFZ) see Fig 1.2, towards the Aegean as a result of the collision of 
Arabia and Eurasis across the Bitlis suture in east Turkey (Dewey & SengOr 1979). 
Collision is known to have culminated in the Langhian-Serravalian (Mid Miocene 
—15Ma) although the timing of first movement on the faults has been given various 
ages by different researchers. The age of the North Anatolian Fault Zone, in 
particular, has been extensively studied and the findings of the various researchers 
are summarised in Fig. 7.9. The Eastern Part of the NAFZ showed no 
geomorphological existence before the Middle Miocene (Sengor 1979) and Mid-
Lower Miocene aged lavas are parallel to the NAFZ (Nurlu et al 1995). Whilst this 
evidence points to a Late Miocene-Early Pliocene (Dewey & Sengor 1979; Sengor 
1979, 1982) initiation of movement on the NAFZ does not preclude earlier 
movement on the faults that may have occurred prior to complete continent-continent 
collision. Movement on the East Anatolian Fault Zone is less well constrained but is 
most likely to have commenced in the late Miocene (Sengor 1979, 1982), although 
again an earlier start cannot be ruled out. 
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Subduction roll-back model 
The time of initiation of subduction of the Hellenic arc is a key element for the back 
arc spreading model which suggests that the southwards migration of the locus of 
subduction gives rise to an extensional regime in the back arc (Seyitoglu & Scott 
1996b). The onset of subduction was suggested by Le Pichon & Angelier (1979, 
1981) to have begun around 13 Ma (Mid Miocene), but McKenzie (1978) and 
Jackson & McKenzie (1988) argue that it began as late as the late Miocene-Pliocene 
(-5 Ma). Meulenkamp et al. (1988) postulate that initiation of subduction began at 
least 26 Ma based on seismic tomographic images of Spakmann et al. (1988) and 
outcrop studies from Crete. More recent studies using apatite fission track 
thermochronology from the uppermost tectonic units on Crete suggest that 
subduction of the Hellenic subduction zone acted as a retreating plate boundary since 
the late Eocene (Thomson et al. 1998, 1998b). They use this evidence to propose that 
extension was driven by roll-back associated with slab-pull during subduction. It is 
unknown how active this retreating plate boundary was during the early stages of 
subduction and thus it is difficult to determine how much extension was associated 
with this phenomenon (Prof. L. Royden. Pers comm. 1998). 
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Researchers 	 Age 
Tokay, 1973 Middle Pliocene 
Tatar, 1975 Miocene 
Seymen, 1975 Burdigallian 
Sengor, 1979 Middle Miocene 
Barka, 1981-1998 Pliocene 
Sengor et al, 1985 Upper Miocene 
Lyberis, 1985 Upper Miocene 
Dewey et a!, 1986 Miocene 
Bergougnan, 1987 Miocene 
Hempton, 1987 Lower Pliocene 
Barka & Gülen, 1987 Pliocene 
Suzzane et al., 1990 Miocene 
Figure 7.9: Table showing researchers with their suggested age of first movement of 
the North Anatolian Fault Zone (From Nurlu et al. 1995). 
Orogenic collapse model 
Lithospheric extension is sited preferentially along orogenic belts because they 
contain structural inhomogeneities and suffer collapse caused by body forces 
resulting from isostatically compensated elevation (Dewey 1988). Even when overall 
convergence is taking place, collapse of the orogen can be enhanced by roll-back of 
the subduction-zone. This process is thoroughly discussed in Malavieille (1993) and 
he recognises metamorphic core complexes that expose deformed rocks from the 
mid-crust (med/high temp, low-med pressure metamorphics) melting and granite 
emplacement along with large-scale, low-angle extensional shear zones. A weak, hot 
upper mantle allows large-scale flow of lower crust materials from zones of deep 
ductile extension to uplifted domains of upper crustal denudation. Heterogenous 
strain is accomodated by low-angle extensional shear zones from localised zones of 
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extension in the brittle crust to the ductile lower crust (Malavieille 1993). Platt & 
Vissers (1989) discuss this model with regard to the Alboran Sea and Gibraltar Arc. 
In their view, an increase in gravitational potential energy, caused gravitational stress 
to outweigh the affects of convergence, and this produced extensional faulting as in 
the Tibetan Plateau (England & Houseman 1988). When convergence and 
compression diminish, gravitational instability results in rapid collapse, rapidly, 
especially where space exists e.g. a retreating subduction zone. 
Sengor et al. (1985) suggested that the crust in western Turkey was thickened to 
about 50-55km by the Early Miocene due to Palaeogene compression. Today the 
average crustal thickness of west Turkey is 40 km (Makris 1976; Makris & Stobbe 
1984; Mindervalli & Mitchell 1989). In addition to this there is abundant evidence 
from the region for lithosphere with a high thermal heat profile (after Sonder et al. 
1987; Seyitoglu & Scott 1996b). Specifically a mid-late Cretaceous magmatic arc 
representing volcanism related to closure of N Neotethys (Yilmaz 1981) and 
occurrence of Palaeogene calk-alkaline plutonism (64.5-45 Ma). The thickened, 
gravitationally unstable crust, being no longer supported by compression and also 
having a high thermal heat profile, could collapse rapidly (Malavieille 1993). 
Discussion 
The consensus on the timing of tectonic escape (mid-Late Miocene) when compared 
to the onset of N/S extension in west Turkey (late Oligocene-early Miocene) appears 
to preclude it as a driving mechanism for extension. Whilst unlikely, it still cannot be 
discounted due to the paucity of absolute age control on the North and East Anatolian 
Faults and the continued debate as to the validity of tectonic escape as a realistic 
explanation for general extension. Post-collisional orogenic collapse, is a much more 
likely mechanism for this extension in the late Oligocene-Early Miocene, 
immediately after compression had ceased. Subduction roll-back was possibly 
beginning around this time along the Hellenic arc, although the significance of this is 
difficult to evaluate. Roll-back could be important as it would create 
'accommodation space' into which the gravitationally unstable, thickened crust of 
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west Turkey could collapse. This process could have aided N/S extension, in 
comparison to the radial/perpendicular features recognised in other areas such as the 
Alboran Sea (Platt & Vissers 1989) and also the Himalayas (Molnar & Tapponier 
1978). It is, therefore, difficult to discount southward roll-back of the Hellenic arc as 
a mechanism for driving extension in addition to the orogenic collapse of the 
Menderes Massif. Whilst, in light of the current literature, tectonic escape is known 
to have been active in the Late Miocene-Pliocene, movement on the fault zones 
responsible for this process is poorly constrained and escape cannot be ruled out as 
having begun earlier. Initially, orogenic collapse was possibly dominant, with roll-
back and escape becoming more important through time. By the late Miocene, when 
tectonic escape of west Turkey is known to have been active, all three processes may 
have been active at the same time, and this timing fits with the postulated onset of the 
second generation of normal faulting observed in the field (Chapter 2). 
7.2.3 Implications for similar settings 
As discussed throughout this thesis, it is clear that west Turkey shows many 
similarities to other core-complex settings throughout the world. In particular, the 
Basin and Range (west USA) provides the most comprehensive analogue, although 
other areas such as the Devonian Basins of NW Norway (Seguret et al. 1989) and the 
Alboran Sea (Platt & Vissers 1989) show many similarities. 
The development and characteristics of extensional basins associated with core-
complex settings and extensional detachment faults, or supra-detachment basins, are 
summarised by Friedmann & Burbank (1995). Almost all of their criteria can be 
recognised in the basins of west Turkey. The similarities are, the predominantly 
long, transverse drainage networks derived from the breakaway footwall; distal 
depocentres (10-20km from the main bounding fault); thin (1-3km) basin fill; high 
sedimentation rate with substantial unconformities, and the domination of mass- 
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wasting alluvial fan processes. Friedmann and Burbank (1995) recognise that 
differences in extension rate and amount, crustal thickness, thermal state of the 
lithosphere and tectonic environment affect basin systematics and, in west Turkey, a 
complex regional setting has created many patterns summarised above of these 
(Section 7.1), the the most notable is the contrasting sedimentary and structural styles 
shown by the two separate detachment systems (Gördes/Selendi and Alasehir) 
despite their close proximity (<30km apart). 
The combination of the back-arc setting, a southward migrating subduction zone, 
tectonic escape and also the development of a thickened continental crust that 
subsequently collapsed, has meant that unravelling the root causes of extension in the 
area has occupied the time of many workers over the last 20 years. Where west 
Turkey is important is that it is very accessible and relatively well exposed. In 
contrast to the Basin & Range, the basins of the northern Menderes Massif are also 
relatively undisturbed with sedimentary patterns and architecture still easily 
recognisable and laterally correlatable. This allows an accurate description of the 
original depositional environment, relations between different facies and the 
structures to be made. An accurate sedimentary model of a common basin type is 
therefore generated that can be applied elsewhere. 
7.3 Conclusions 
• North/south extension in west Turkey in the latest Oligocene/Early Miocene 
resulted from post-collisional orogenic collapse of thickened crust, and developed 
following the Cretaceous-Eocene closure of Neotethys (after Collins 1997). 
• Subduction roll-back along the Hellenic subduction zone, was possibly active at 
this time and thus it is not possible to separate the two processes (i.e. collapse 
versus roll-back), although it is likely that the effect of roll-back increased in 
importance as subduction progressed. 
323 
Chapter 7: Implications 
• Tectonic escape of west Turkey cannot be seen as the mechanism of initial 
extension as this is well constrained as not having begun until the Early Pliocene, 
following collision in East Turkey during the Mid-Late Miocene 
• Later extension, recognised in the field in the form of high angle faults (Late 
Miocene-present) may be the result of N/S extension due to tectonic escape which 
began in Early Pliocene times. Plio-Quaternary N/S extension may also be caused 
by a combination of both tectonic escape and roll-back of the Hellenic arc and 
again the two processescan not easily be separaated 
• The tectono-sedimentary model developed in this study refutes the models of 
some previous workers (e.g. Sengor 1987, Yilmaz 1998). Sengors cross graben 
model, in which he views the NE/SW trending basins such as the Gördes Basin as 
being the product of hangingwall deformation related to major breakaway 
detachment faulting is refuted by this study. The model that suggests that 
extension did not take place in west Turkey until the Mid-Late Miocene (Sengor 
& Yilmaz 1981; Sengor et al. 1985; Yilmaz 1998), is also disproved by this study, 
in which Early Miocene extension sediments and basins have been accurately and 
absolutely documented. 
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Chapter 8 
CONCLUSIONS 
. North-south extensional tectonics were active on the northern Menderes Massif 
during the latest Oligocene-Early Miocene. The initiation of this extensional 
regime is recorded in the formation of extensional sedimentary basins across the 
region since this time. 
. Extension initially took place on large, north-dipping, regionally-extensive, 
normal detachment faults. Two detachment systems are recognised in the study 
area. One system marks the boundaries of the Gördes and Selendi Basins, and the 
other the Alasehir Graben to the south. The detachment faults have a present low -
angle (<200)  dip towards the NE and it is likely that they were active at angles of 
<300 with some rotation due to flexural upwarping as a result of isostatic uplift. 
The Gördes/Selendi Basin system is characterised by large-scale synformal and 
antiformal corrugations (wavelength of 20-30km, amplitude of 1-2km) viewed 
parallel to the tectonic transport direction (NE). These corrugations have defined 
spoon-shaped depocentres in both the Gordes and Selendi Basins, with the low-
angle east and west margins of the corrugations creating the characteristic NE/SW 
trend of these basins. The Alasehir Graben system is less corrugated, with a 
wavelength of 4-5km and some segmentation of the fault being visible. 
• In the Gördes and Selendi Basins the rocks beneath the detachment surface are 
tectonically overlain in various places by ophiolitic mélange that acts as a source 
for local sediment. These deposits are in tectonic contact with the detachment 
surface below and exhibit a low-angle contact; they are interpreted to have been 
emplaced during extension on the detachment surface. No ophiolitic material is 
325 
Chapter 8: Conclusions 
exposed in the Alasehir Graben, although klippen of high-grade augen gneiss are 
recognised in tectonic contact with the detachment surface (Hetzel et al. 1995). 
• Syn-extensional sediments, with respect to movement on these detachment 
surfaces are observed in each of the Gördes and Selendi Basins and the Alasehir 
Graben. In the Gördes and Selendi Basins these sediments consist of poorly 
sorted conglomerates, with angular to subrounded clasts, interpreted as alluvial 
fan deposits. These sediments were sourced from the lower plate towards the 
north and were deposited as debris flows and sheet floods. Clast type is dominated 
by Menderes metamorphic lithologies and locally from ophiolitic mélange. These 
sediments dip steeply (up to vertical) into the underlying detachment surface with 
approximately 200-300 metres of succession visible. 
On the southern, footwall margin of the Alasehir Graben, an Early Miocene phase 
of areally restricted lacustrine and fan-delta deposits is recognised in the eastern 
part of the graben. These sediments are interpreted to have infilled the earliest 
accommodation space developed by movement on the detachment fault system 
and were subsequently deformed through continued movement. These lacustrine 
deposits were succeeded by regionally extensive, laterally sourced Early-Mid 
Miocene alluvial fan conglomerates that flowed from south to north. These 
sediments have been emplaced onto, and are in tectonic contact with, the 
detachment surface, predominantly dipping towards the south at angles of up to 
60°. Where the contact between the sediments and the detachment fault is 
exposed, the sediments appear to be broken and folded. The conglomerates also 
thicken towards the fault surface with a total thickness of —500m exposed. Some 
rotation of the fault is not excluded, with present-day normal faults in the area 
being active at 30 0 (Eyidogan &Jackson 1985). 
• Later sedimentation in all of the basins is dominated by fluvial sediments that 
unconformably overlie the earlier deposits. The Gördes and Selendi Basins 
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exhibit —600 stratigraphic metres of fining-upward braided stream to alluvial plain 
sandstones and conglomerates that flowed from the southern margin of the basins 
towards the north/north east. These sediments have moderate dips and passively 
onlap the surrounding basin margins that represent the former detachment surface. 
Within the Alasehir Graben', sedimentation is dominated by an axial east to west 
flowing, 800 metre thick series of fluvial sandstones and conglomerates that 
contain lithoclasts of sediments recycled from the earlier basin fill. The age of 
these sediments is poorly constrained, are postulated to be Mid Miocene (Ediger et 
al. 1996). These sediments are interpreted as being post-teconic with regard to 
major movement on the detachment system. 
* Sedimentation within the Gördes and Selendi Basins passes relatively 
conformably from fluvial influenced sediments into fine-grained, shallow water 
lacustrine sediments consisting of siltstones, mudstones and carbonates, which 
also contain palaeosols, mudcracks and a freshwater fauna. These sediments 
passively onlap the surrounding basement and former detachment surface and are 
interpreted as being post-tectonic with regard to movement on the detachment 
fault. The lacustrine deposits fine upwards and become interbedded and 
dominated by fine-grained silicic air-fall tuffs. These sediments contain fresh, 
euhedral, volcanic biotite and feldspar that were dated using 40ArI39Ar as being 
Early Miocene in age. The GUrdes basin tuffs range in age from 21.71±0.04 to 
17.04±0.35 Ma and the Selendi Basin tuffs, 18.89±0.58 to 16.42±0.09 Ma. These 
dates limit the uppermost parts of both basins fill as being Early Miocene and, 
thus, it is interpreted that both basins developed at the same time, in the latest 
Oligocene-Early Miocene. 
• In the Alasehir Graben the axial-fluvial system is unconformably overlain and 
interfingered by a second phase of alluvial fan conglomerates. This second-phase 
of fan deposition is poorly constrained, but is interpreted to be of Late Miocene-
Pliocene age. It was possibly climatically driven by increased rainfall in the latest 
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Miocene (Messinian). These sediments are point sourced from breaks and 
corugations in the detachment surface, with 5 separate fan lobes being discernable 
in the study area, all having a sub-radial flow towards the north. Recycling of 
underlying sediment is present as lithoclasts present in the conglomerates. 
Sediments on the northern margin (hanging wall) are poorly exposed (-200 
metres), consisting of fluvial/lacustrine sandstones and siltstones, with fan-delta 
conglomerates present in the upper levels of the succession. Palaeocurrent 
directions are towards the SW and the sediments are flat-lying and passively onlap 
the metamorphic basement of the hanging wall of the detachment system. The 
upper levels of sediments on this margin passively overlie an andesitic lava dome 
that has been dated (40Ar/39Ar) as 16.08±0.91 to 14.65±0.06 Ma, indicating that 
these sediments post date this time. No conclusive absolute ages are available for 
the Alasehir Graben, but palynological studies, the age of this lava dome and also 
the published Early Miocene 40Ari39Ar age of the syn-extensional Salihli 
granodiorite that intrudes the detachment system in the Alasehir Graben all 
indicate an Early Miocene age of genesis for the Alasehir Graben. Therefore, the 
Alasehir Graben is interpreted as extending at similar times to the Gördes and 
Selendi Basins, although it is not as tightly constrained and initial extension and 
related sedimentation has continued for longer than the northern basins where it 
ceased in the Early-Mid Miocene. 
Geochemical analysis of tuffaceous sediments and volcanic rocks from the three 
basins indicate a rhyo-dacitic geochemical signature and a acidic to calk-alkaline 
character that is thought to be influenced by subduction prior to the onset of 
extensional tectonics. The age of the tuffaceous sediments is very similar to 
volcanic intrusive bodies, suggesting that they may have acted as a source for the 
volcaniclastic sediments. 
. A second, separate phase of high-angle, N/S extension-related, east-west trending, 
normal faulting is visible in all three basins in this study. This second phase of 
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faulting cuts both the whole basin fill, with no evidence of progressive faulting. 
These faults also cut the basement lithologies and the detachment surfaces in all 
three areas. Within the Gördes and Selendi Basins the faulting cuts all of the 
basin fill and has gently tilted the upper sediments, whilst also creating a 
characteristic stepped topography across both basins. In the Alasehir Graben, on 
the southern margin, the second phase of faulting is more pronounced and was 
responsible for exhumation of the sediments on this margin and juxtaposing 
different facies. In the east of the study area, near Alasehir, the level of exposure 
of the sediments and basement allows the detachment surface to be observed, 
there it is extensively dissected into small fault blocks. Cohen et al. (1995), took 
this region to be typical of the graben as a whole, which this study has refuted 
The extensive nature of this faulting has created today's classic east-west 
morphology of the basin and marks the present-day active margin of the graben. 
Some limited high-angle faulting is present on the northern margin of the graben 
and this contrast creates a strong asymmetry of the basin's morphology. The 
timing of onset of this phase of faulting is poorly constrained, but it dissects Late 
Miocene alluvial fan sediments in the Alasehir Graben and is interpreted to have 
begun around this time and continues to the present day. 
• Present-day sedimentation in the Gördes and Selendi Basins is limited to minor 
alluvium in externally draining rivers, with the dominant regime being erosional 
dissection. In the Alasehir Graben, the southern margin is dominated by incision 
of the exhumed sedimentary fill with small fan deposits issuing from the active 
range front, along with a meandering axial river system that drains the graben 
from east to west on the present day basin floor. 
• The extensional basins of the northern Menderes Massif are dominated by north-
dipping detachment faults with extension begining in the latest Oligocene-Early 
Miocene. The Gördes and Selendi Basins have a very similar evolution with both 
being part of the same detachment system, whilst differences in the morphology 
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and extent of the detachment system in the Alasehir Graben have lead to marked 
differences in development, with the second phase of extension having governed 
its present day characteristics. 
• The onset of extension in the latest Oligocene-Early Miocene makes tectonic 
escape of west Anatolia unlikely as an initial driving mechanism for extension of 
western Turkey. Collision and the related expulsion of west Anatolia has not been 
proved to be active until the Mid-Late Miocene. It is more likely that post-
collisional orogenic collapse of the region took place at this time due to the 
thermal state of the lithosphere and gravitationally instability of the region 
immediately after compressional tectonics had ceased. In addition, subduction of 
the Hellenic Arc is thought to have begun around this time and associated 'roll-
back' produced accomodation space for collapse. These two processes are 
difficult to separate, but is likely that collapse is important in the initial stages, 
with roll-back increasing in importance through time. The Late Miocene-Recent 
phase of extension is interpreted to have been driven by a combination of the 
tectonic escape of west Anatolia and also rapid extension through subduction roll-
back. 
• This study has produced a predictive model for extensional basin formation in a 
metamorphic core complex, and that is also situated in a complex plate-tectonic 
setting, where the interplay of numerous processes are important. By using an 
integrated regional approach it has been possible to unravel the history and 
evolution of these basins. The model generated has implications for other similar 
settings (e.g. Basin and Range, west USA), where exposure is not as extensive, 
disrupted or incomplete and can be used to predict what may be expected in 
subsurface analogies. Further work, following on from this study, would be 
initially to apply a similar approach to the BUyuk-Menderes Graben, on the 
southern margin of the Menderes Massif, which has received relatively little 
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attention in the literature. This would allow more complete understanding of the 
extensional history of west Turkey to be formed. 
• This study has therefore refuted the arguments of some previous authors. In 
particular, this study has proved that extension commenced in the Early Miocene 
and has taken place on large, north-dipping detachment faults and this casts doubt 
on the models of Sengor & Yilmaz (1981), Sengor 1987 and Yilmaz (1998) who 
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Appendix 1 (See Enclosures) 
This appendix refers to the maps found in the enclosure at the back of this thesis. 3 
maps are present and are: 
• 1:25000 map of the Gördes Basin (Map 1) 
• 1:25000 map of the southern margin of the Selendi Basin (Map 2) 
• 1:25000 map of the Alasehir Graben (Map 3) 
Maps are fair copies of numerous field slips completed by the author during 
fieldwork in 1995-1998. 
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Appendix 2 
SAMPLE ANALYSIS USING THE X-RAY DIFFRACTION TECHNIQUE & 
RESULTS 
X-ray diffraction methodology 
Sample preperation involved crushing a small amount of sediment using a pestle and 
mortar and then loading the sample onto a glass disc using acetone. Analysis was 
performed using standard techniques on the Philips PW1800 X-ray diffractometer at 
the University of Edinburgh. Peaks were identified and matched by utilising the a 





177 Karakirse, Alasehir Cc, Musc, Qtz 
200 Toygari, N. Alasehir Cc, Qtz, Kaolinite 
205 Kula, Selendi Dolomite, Ankerite 
168 Sart, nr Salihli Musc, Qtz 
170 Saylik, nr Sa!ihli Qtz,Cc 
176 Karakirse, Alasehir Cc, Qtz 
168A Sart, Salihli Qtz, Malladrite 
163 Yurtbasi, Selendi Cc, Musc 
210 Kabazli, nr Salihli Qtz, Cc, Orthoclase 
351 Oamaniye, Alasehir Musc, Albite, Qtz, Clhor,Kaol 
73 Eski Gördes Qtz, Cc, Ankerite 
145 Yurtbasi, Selendi Qtz 
150 Tepekoy, Gördes Cc, Qtz 
324 Osmaniye, Alasehir Pyrite, Qtz, MgCc, Ank, Analcite 
327 Taskoy, Selendi MgCc, Dol, Albite 
323 Degmindere, Gördes Arag, Montmonllonite, Dolomite 
Cc = calcite, Musc = Mucovite; Qtz = Quartz; Kaol = Kaolinite; MgCc = Magnesium 
calcite; Chior = Chlorite 
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Appendix 3 
SAMPLE ANALYSIS USING THE X-RAY FLUORESCENCE TECHNIQUE & 
RESULTS 
Standard X-ray fluorescence techniques (XRF) were used to analyse major and trace 
element data. 
Rock Preparation 
Approximately 50g of material was cut from each rock sample to be analysed. The 
material selected was chosen to be as free from alteration and veins as possible. The 
cut sample was crushed and the chips ground to a fine powder in a tungsten carbide 
barrel for 3 minutes. 
XRF preparation - major elements 
Glass discs formed from the rock powder were used in the analysis of the major 
elements. Preparation involved firstly drying the rock powders in an oven at 110 °C 
overnight. Approximately ig of each powder was placed into a Pt-5% Au crucible. 
The samples were ignited for 20 minutes at 1100 °C and a value for the loss on 
ignition (H20i-0O2-02) calculated. The ignited powder was then fused for 20 minutes 
at 1100°C using a lithium borate flux (Johnson Matthey Spectroflux 105) with a 5:1, 
flux:sample dilution. The molten material was placed onto a graphite plate and 
pressed into a disc by lowering an aluminium plunger onto the globule. The casting 
operation was carried out on a hotplate at 220 °C and the glass disc allowed to anneal 
at this temperature for 10 minutes before cooling. 
Trace elements 
Pressed pellets formed from the rock powder were used in the analysis of the trace 
elements. The pellets were made by mixing —6g of rock powder with 4 drops of 
binding agent (2% PVA in distilled water). The mixture was placed ma steel mould, 
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surrounded and backed by boric acid powder and compressed at 8 tons using a 
hydraulic press to forma 40mm diameter pellet. 
XRF Analysis 
Samples were analysed using standard procedures on the Edinburgh University 
Philips PW 1480 wavelength dispersive, sequential X-ray fluorescence spectrometer 
which is regularly calibrated and monitored for drift using standard samples. Major 
elements were screened by combining the total of the measured oxides with the loss 
on ignition. Where the total was outside the range 99.4-100.4 the sample was 
reanalysed using a new glass disc. 
Errors in XRF analysis 
Repeat analysis and regular calibration of standards on the Edinburgh machine shows 
that major element data has typical errors, incorporating the instrument and sample 
reproducibility, of for example of Si02± 0.44wt%, MgO±0.l6wt%, K 20±0.04wt%, 
Nb±1.2ppm, Zr±2ppm, Rb±0.8ppm (all 2a errors from James 1995). 
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Sample No. SI02 A1203 Fe203 	MgO CaO 
S2128 50.31 15.94 7.83 6.43 
S2141 65.87 14.73 2.26 1.55 
S2/102 68.85 16.26 3.62 1.15 
S2/106 65.77 15.19 4.43 2.99 
S2/113 68.73 12.87 1.44 0.79 
S2/124 32.62 19.42 18.4 12.33 
S2/124B 40.04 17.01 13.52 8.87 
S2/127 50.97 15.05 9.04 6.64 
S21198 63.82 17.85 3.93 0.72 
S2130 71.33 15.95 0.72 0.29 
S2/64 14.32 4.03 2.62 14.61 
S2/18 67.69 14.51 0.29 0.56 
S2/22B 72.58 11.6 0.67 0.86 
S2/39 64.12 14.79 1.31 1.5 
S2/47 73.02 15.74 0.09 0.03 
S21125 38.3 1.18 9.78 37.35 
S2/204 56.86 5.54 1 15.94 
S2/124A 51.34 16.14 11.74 4.73 
S2/124C 40.41 17.41 11.87 7.87 
S2/86 58.9 13.69 1.47 2.33 
Na20 	K20 T102 MnO P205 
9.3 2.68 2.987 1.122 0.123 0.582 
2.44 1 3.325 0.345 0.017 0.082 
0.96 1.71 2.334 0.689 0.029 0.134 
4.81 2.79 2.825 0.55 0.056 0.122 
1.1 3.77 2.001 0.096 0.005 0.022 
8.79 0.08 0.059 1.614 0.335 0.133 
14.35 0.77 0.038 1.059 0.257 0.074 
10.66 4.16 0.118 0.635 0.161 0.058 
5 2.98 2.527 0.689 0.172 0.147 
0.6 2.69 6.771 0.055 0.011 0.014 
25.27 0.99 0.568 0.153 0.148 0.061 
2.36 1.15 3.923 0.112 0.004 0.013 
3.3 0.21 2.342 0.079 0.003 0.02 
2.86 0.94 2.9 0.197 0.007 0.044 
0.18 3.1 7.904 0.004 0.024 0.087 
0.07 0 0.009 0.029 0.111 0.01 
0.41 1.25 0.994 0.247 0.012 0.033 
8.11 4.51 0.22 1.075 0.178 0.087 
15.46 11.04 0.033 0.918 0.228 0.078 
5.34 0.33 4.261 0.165 0.035 0.014 
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Sample Rb 	Ba Th Nb La Ce Sr Nd Y Sr Ba Rb 
S2/18 269.3 2120.6 12.1 17.4 -25.5 38.7 1347.7 16.8 14 1347.7 2120.6 
S2/2213 108.3 24.8 15.1 16.5 42.9 426.8 19.7 20.8 426.8 
S2/28 97.5 1170.3 15.9 19.7 58.3 119.7 688.4 55.9 29.7 688.4 1170.3 
S2/30 183.3 647 0.5 1.6 0.5 3.1 90.7 2.2 8 90.7 647 
S2/39 76.3 11028.4 17.4 12.4 47.3 54.1 1410.4 5 13.1 1410.4 11028.4 
S2/41 107.2 5290.9 22 14.6 48.6 85 1413.9 26.8 24.1 1413.9 5290.9 
S2/47 400.7 161.7 -1 6.7 -16.3 4.1 20.8 1.9 -4.5 20.8 161.7 
S2/86 269.1 16079 4.9 13.2 -23.2 -7.9 1830.1 -26 0.2 1830.1 16079 
S2/106 97.3 715 12.6 11.3 28.9 66.2 380.4 29.5 26.8 380.4 715 
S2/124 2.2 -1.3 -0.6 1.5 30.2 62.3 53.4 25.6 44.9 53.4 -1.3 
S2/124A 6.7 70 -0.7 1.1 2.3 10.1 244.7 13.1 28.6 244.7 70 
S2/124B 0.5 24 0 0.6 2.9 6.3 129.5 9.2 26.4 129.5 24 
S2/124C 0.1 24.2 -0.6 0.6 1.7 8.1 197.2 9.4 25.4 197.2 24.2 
S2/127 2 158.1 -0.5 0.5 1.5 3 296.4 8.4 20.1 296.4 158.1 
S2/198 89.4 720.4 11.5 12.3 36.7 77.6 322.5 34.4 25.7 322.5 720.4 
S2/204 30.5 250.9 0.9 3.9 6.5 23.2 66 13 9.3 66 250.9 
S2164 35.5 278 1.2 2 11.6 34.3 605.9 15.7 9.9 605.9 278 
S2/102 115.3 437.7 11.4 14.5 28.9 66.2 224.8 29.5 24.7 224.8 437.7 
S2/125 0 8 -2.4 -0.5 1.3 -0.2 1.3 8 
S2/113 104.3 290 17.6 16.1 23.1 51 98.2 21.8 19 98.2 290 
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La Ce Nd Zn Cu Ni Cr V Sc Sc 
33 -25.5 38.7 16.8 13.1 5.4 9.4 12.6 8.1 2.3 
18.6 16.5 42.9 19.7 
17.1 58.3 119.7 55.9 62.4 34.8 114 253.7 182.3 17.5 
79 0.5 3.1 2.2 24 0.2 6.8 0.4 9.4 -2.4 
13.1 47.3 54.1 5 21.1 16.7 11.9 5.8 12.4 3.3 
20.5 48.6 85 26.8 33.5 15.8 15.2 22 32.1 11.1 
89.3 -16.3 4.1 1.9 11.3 -0.4 5.7 0.2 1.9 -3.4 
11.9 -23.2 -7.9 -26 43.9 12.9 9.3 9.2 27.6 1 
27.8 28.9 66.2 29.5 55.1 12.9 28.2 75.3 89.6 15.5 
0.6 30.2 62.3 25.6 69.9 23.3 42.6 40.9 628.4 87.2 
-0.1 2.3 10.1 13.1 100.5 83 28.6 15.2 375.6 38.4 
-1.8 2.9 6.3 9.2 83.5 44.3 42.7 60.4 424.6 61.8 
-0.5 1.7 8.1 9.4 69 40.4 45.5 65.1 363.2 51.5 
-1.8 1.5 3 8.4 65.9 146.3 68.5 118.6 241.8 48.8 
27.1 36.7 77.6 34.4 56.7 10.8 11.6 33.8 55.2 19.4 
3.1 6.5 23.2 13 22.2 2.7 13.6 21.4 37.8 2.3 
4.8 11.6 34.3 15.7 22.2 29.8 64 73.4 42 1.8 
23.1 28.9 66.2 29.5 55.7 19.1 21.3 64.7 90.6 16.3 
-2.4 48.9 10.2 2825.4 3101.3 38.2 7.3 
17.6 23.1 51 21.8 35.9 2.7 9.4 6.9 6.2 3.5 
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Appendix 4: KEY FOR STRATIGRAP}{IC LOGS 
M=Mudstone; S=Siltstone; F=Fine Sand; M=Med Sand; C= Coarse Sand 
G--Granule; P=Pebble; C=Cobble; B=Block 	 m s frncgpc b 
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• Lignite fragment 
Carbonate Mudstone a Lapilhi 
Roots 
Carbonate Siltstone 
v vv Mud cracks 





Sandy Limestone  
Ripples  
, Metsmohic basement 
evLvv Imbricate pebbles 
Mudstone (O Blocks 
Siltstone Lithoclast 








40AR/39AR METHODOLOGY & RESULTS 
Sample preperation 
The samples were disaggregated to approximately crystal size in a jaw crusher and a 
tungsten carbide tema such that sieved fractions of 1.4-0.75mm,0.75-0.25mm and 
<0.25mm were collected. The crushed samples were washed and dried. A 
combination of hand picking, 'Frantz' magnetic separation and heavy liquids were 
used to separate plagioclase and biotite crystals from the surrounding rock. 
Plagioclase crystals were cleaned by placing in an ultrasound bath in 5-10% BF for 
between 5-15 minutes (dependent on size) to remove any volcanicglass and in warm 
3-6m HCL for up to 20 minutes to remove calcite and other alteration phases. Biotite 
crystals were cleaned in acetone. The cleanest, euhedral crystals were picked for 
irradiation since these were most likely to be primary igneous phases and placed in 
foil packets in EK29 irradiation. The irradiation took place at the CLICIT facility in 
the Oregon State TRIGA reactor for 16 hours in July 1997. In peparation for 
analysis, individual crystals were placed in individual depressions in a numbered 
copper sample pan which was placed under vacuum. 
Sample analysis 
The individual crystals were vaporised under vacuum to release the Ar gas by total 
laser fusion. The sample gas was held in the extraction line for 10 minutes in the 
presence of 2 Zr-Al 'getters' of a 1A 0 molecular zeolite sieve held at 400 0c and 
800mg to absorb non-inert gasses (0, water, hydrocarbons), leaving rare gasses 
present. The sample was then introduced into the single collector mass spectrometer 
which measured peaks of mass 41-35 in nine cycles. Most samples were measured 
using an electron multiplier with a sensitivity of 2e-19, but larger biotites which gave 
greater amounts of Ar gas were measured using a Faraday couple. 
358 
The extraction line and mass spectrometer were pumped to vacuum for at least 10 
minutes in beween analyses. Blank analyses which measure the very small amount 
of gas in the mass spectrometer and extraction line were performed first thing in the 
morning, after the first sample and every 4 or 5 consequently. Average or increasing 
blanks could then be taken from each sample analysis. 
Processing data 
The amount of each isotop and its associated error was calculated by extrapolating 
the nine mass spectrometer cycles back to the time when the sample was introduced 
into the machine. Ages and errors were calculated after the blank correction had 
been deducted using standard Ar age equations after Dalrymple et al. 1981. An age 
was produced for each total fusion experiment. The age of the sample was gained by 
taking a weighted mean of the results whilst excluding significant outliers resulting 
from sample alteration. This can be compared with the total gas age calculated from 
a simple average of all the results and representing the age gained if bulk crystal 
seperates had been used. 
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TF8 29.98 9.958 0.08064 0.31 0.26 1.19 0.97 1.208-14 23.1 0 0.67 3.26 0.049 10.4 25.13+- 0.93 
52/24 biotite 1 0.00206+- ####### (ls.d.) Exp.No.: mo8I00.111D Total gas a 3e= 19.248+- 0.091 
TF1 12.503 0.00288 0.02389 0.05 0. 11 %2395.46 1.06 3.30E-14 43.5 0.01 0 0 170.4 83 20.07+- 0.28  
TF2 6.783 0.02027 0.00526 0.06 0.31 184.83 2.29 5.80E-14 77.1 0.01 0 0.1 24.18 15.3 19.286+- 0.1 51  
TF3 6.469 0.0015 0.0044 0.11 0.16 100 5.61 3.600-14 799 0.01 0 0.01 326.9 9.5 19.053 +- 0.265  
TF4 6.499, 0.02512 0 0.2 0.25, 131.19 3.06. 6.60E-14 79.7 0.01 0 0.15 19.51 17.5 19.104+- 0.164  
TF5 14.645 0.03746 0.03173 0.17 0.22 83.59 0.37 7.00E-14 36 0.01 0 0.03 13.08 18.3 19.44 +- 0 .217  
TF6 6.571 0.01833 0 0.09 0.06 170.55 2.16 6.90E-14 79.1 0.01 0 0.1 26.73 18.3 19.172+- 0. 1 11  
TF7 6.471 0.00444 0.0046 0.06 0.07 396.42 3.74 4.800-14 79 0.01 0 0.03 110.4 129 18.85+- 0.183  
52/65  otite 0 . 00205+- ####### (1 s.d.) Exp. No.: m132 HO Total gas a je = 18.571 +- 0.1 
F5 5.601 0.0588 0.00219 0.1 0.09 23.86 3.9 8.20E-14 88.5 0 0.71 8.33 30.5 18.275+- 0.091  
F6 5.345 0.0508, 0.00149 0.15 0.09 62.77, 13.15 3.50E-14 91.8 0 0.9 9.65 13 18.091+- 0.2021  
Fl 5.678 0.04952 0.00217 0.2 0 63.83 8.71 3.60E-14 88.8 0 0.6 9.9 13. +- 0.223  
F8 5.44 0.05 0 0.22 0 120. 1 1.70E-14 89.4 0 0. 8.29 6.4  0.395 
Fl 553 0.09 0 0.11 0. 39.9 11 3.IOE-14 91 0 0.0 1.4 5.39 11.4 +- 0.216 
F2 92 0.044 0 0.25 0. 206.9 1.308-14 56.7 0 0.09 10.96 4.4 
17.949+-
+- 0 
F3 6.2 0.064 0.12 0 99.5 1 1.90E-14 85.4 0 0.5 7.62 6.4 +- 0.338 
F4 13.0 0.144 0 0.14 0.1 65.5 1.40E-14 45.3 0 0.0 0.1 3.39 4 +- 0.74 
F9 5.704 0.2 0 0.74 0. 53.5 4 7.50E-15 84.4 0.0 2.3 1.8 2. +- 0.865 
FlO 5.54 0.09 0 0.16 0. 57.2 181 2.1OE-14 89.5 0.0 1.2 5.05 7. +- 0. 368  
S2/68 biotite J= 0.00206+- 0 ( 1 s.d .) Exp. No.: mp810053.IHD Total gas a go = -1- 9.174+- 0.14 
TF1 8.286 0.03882 0.0101 0.22 0 238.62 5 7.908-14 64 0.01 0 0 12.62 9.4 19.605+- 0. 637  
TF2 9.092 0.02038 0.01117 0.23 0 607.81 5 6.50E-14 63.7 0.01 0 0.05 24.04 7.1 214+- 0 .66  
TF3 6.085 0 0.00283 0.2 0 134.59 16 1.00E-13 86.3 0.01 0 0.51 9.04 12.3 19.4 +- 0.499  
TF4 6.374 0.01949 0.00346 0.49 0.23 400 28 3.80E-14 84 0.01 0 0.15 25.14 4.5 19.78 +- 1 .059  
TF5 15.228 0.01097, 0.03244 0.09 0.22 %3278.34 2.27 7.00E-14 37.1 0.01 0 0.01 44.65 7.9 20.85+- 0 .79  
TF6 5.959 0.03432 0.00324 0.16 0.08 159.53 9 1.30E-13 84 0.01 0 0.28 14.28 16 18.503 +- 0.311  
TF7 5.599 0.03296 0.00204 0.14 0.07 138.79 10 1.508-13 89.3 0.021 0 0.43 14.87 19.2 18.482+- 0.223  
TF8 5.829 0.03489 0.00276 0.12 0.11 108.67 6 1.80E-13 86.1 0.01 0 0.33 14.04 23.4 18.547+- 0. 193  
S2/68 feldspar 1 0.00204+- 610E0 '4)_ Exp . No mo0925.lHD Total oas a 3e= 18.626+- 0 . 69-4  _____ 
6.595 6.037 0.00833 0.16 0.13 0.62 2.12 3.10E-14 69.8 0.01 0.41 19.13 0.081 52.8 16.886+- 01 
11.783 6.164 0.02509 0.1. 0.49 1. 66, 1.73 1.408-14 41.1 0.01 0.4i 6.49 0.079 22.7 17.786+- 0.484  
469 3.478 1.5201 .1 5.95 121. 1.1 1.20E-15 4.3 0 0.2 0.0 0.14 0 72.35+- 133.43  
TR 25. 3.8 0.06928 
0! 1 
.1 0.24 5.39 1.25 6.60E-15 21.1 0 0.26 1.46 0.128 9 19.696+- 0.932  
F5 117 3.025 0.37461 0.061 0.2 4.34 0 1.20E-14 5.6 01 0 0.21 0.162 14.5 23.88+- 1. 74  
Steps labeled either as temperature (deg C), laser power (W),or individual total fusion sra'yses (TF#).  
Corrected for 37Ar and 39Ar decay, half-lives 35.1 days and 259 years, respectively.  
Radiogenic (R), calcium-derived (Ca), and potassium-derived (K) argon, respectively (percent). 
Ages calculated relative to 85G003 TCR Sanidine at 27.92 Ma with lambda e = 0.5818-10/yr and lambda b = 4.692E-l0/yr.  
==_903908425==. 	I I 
Content-Type: text/plain; charset=us-sacii 
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ANAFt 
F2 5.598 0.01334 0.00217 0.05 0.04 33.61 2.36 1.708-13 88.6 0.02 0. 36.73 13.8 17.48 i- 0.0541  
F4 	- 5.616 0.025 0.00198 0.03 0.06 20.94 1.83 1.50E-13 89. 0.02 034 19.21 11.7 17.742+- 0.04  
F5 5.634 0.024 0.00218 0.11 0.1 23.28 1.57 2.60E-13 88 0.02 AOL 0.2 20.4 20.7 17.59 +- 0.053 
F6 6.224 0.036 0.00417 0.06 0.0 11.67 0.71 3.30E-13 8a 0.01 0.2 13.36 26.5 17.608+- 0.04 
1/M biotite - J= 0.00206+- ####### (I 	 )_ Exo.Jo. mp810036.IHD Total gas a ae= 21.7+- 0.61  _______ 
Fl 25.78 3.959 0.07133 0.09 0.14 3.95 1.3 7.70E-15 19.4 0 0.27 1.47, 0.123 15.9 18.56 +- 0.996  
F2 94.76 0.00155 0.3005 0.06 03 %-2991.7( 0.5 8.00E-15 6. 0 0 0 316.9 14.1 22.02+- 2.41  
F3 26.14 0.6389 0.07155 0.07 0.26 29.561 0.89 1.10E-14 19 0 0.04 0.24 0.767 23.1 18.646+- 0.7531  
F4 56.75 0.14908 0.169 0.08 0 149.691 0.56 1.30E-14 12 0 0.01 0.02 3.29 19.8 25.17+- 1.34  
F5 37.65 2.671 0.10566 0.09 0.27 9.04 0.85 1.20E-14 17 0 0.18 0.67 0.183 18.2 24.5+- 1.08  
F6 72.73 0.5073 0.2268 0.08 058 96.17 1.06 4.90E-15 7.9 0 0.03 0.06 0.965 9 21.23+- 3.32  
SUM feldspar 1 0.002+- 6.00E-06 (1 s.d.) Ep mp.lHD Total gas ape 96.27+- 1.16 
TFI 9.853 6.12 0.028131 1.19 2.37 8.34 14.931 8.00E-16 20.5 0.01 0.41 5.74 0.08 11.6 7.292.- 4.199 
TF2 31.15 13.887 0.07954 0.14 0.29 0.89 1.29 1.408-14 28 0 0.93 4.61 0.035 47.2 31.51 .- 1.09 
TF3 121.39 0.2411 0.2221 0.06 0.37 54.85 0.59 7.908-14 45.9 0 0.02 0.03 2.03 41.3 190.7+- 2.08 
52/5 biotite J= 0.00205+- 6.1OE-06 (I s.d.) Exo.9 r- o8l00 	IHD Total g3sa e= 22.49+- 0.18 
TFI 16.1 0.09638 0 0.0 0. 13.6 0 6.20E-14 36.8 0.0 0.01 0. 5.08 7.3 21.84+- 0.19 
TF2 11.9 0.17037 0 004 0 5.7 0. 9.50E-14 47.8 0.0 0.01 0. 2.88 11.7 20.98+- 0.15 
TF3 10.255, 0.08901 0 0.0 0. 6.2 0. 1.40E-13 55.5 0.01 0.01 5.5 17.8 20.9+- 0.1 
TF5 9.4 0.05414 0 0.0 0. 10.6 0. 1.50E-13 59.5 0.0 0 9.05 18. 20.74+- 0.1 
TF6 3 0.07674 0.10411 0.09 0. 67 0. 1.708-14 16.2 0.01 6.38 2 21.79+- 0.88 
TF7 8.3 0.10403 0 0.0 0. 8.7 I. 9.70E-14 68.6 0.0 0.01 4.71 12 20.9+- 0.14 
TF4 834 0.5077 2 0.0 0. 3.82 0. 4.90E-14 7.8 0.03 0.965 5.3 23.89+- 0.9 
TF8 45 0.3482 0 0.0 0. 15.8 0 1.20E-13 15.1 0.02 1.407 12.2 24.89+- 1.01 
TF9 46 0.3563 0 0.04 0. 11.4 0 1.40E-13 16.1 0.02 7 1.375 13.4 27.45+- 0.74 
52/5 .1= 0.00203+- 6.10E-0 4)_ Exp. No.: mQ24.  HD Total gas age = 21.02+- 036 
Fl 157 14.451 0 0.3 0.7 1.4 4.3 6.80E-15 41.5 0.01 0.97 1 0.034 16. 23.96+- 1.5 
F2 7 11.458 0 0.3 0.4 1.9 18.1 4.80E-15 75.5 0.01 0.77 3 0.042 1 19.902+- 1.121 
F3 7.153 13.467 0 0.16 0.3 0.7 9.4 1.20E-14 80.5 0.01 0.91 4 0.036 31 21.14 l +- 0.47 
F4 6.2 5.992 0 0. 0.3 1.4 14.7 1.308-14 88.5 0.01 0.4 3 0.081 38 20.07+- 0.38 
52/11 biotite  J= 0.00205+- ####### (4)_ Exp. No.: mp810039.IHD Total gas age = 20.89+- 0.07 
Fl 7.62 0.09 0.0068 0. 0.04 11.56 1.1 1.70E-13 737 0.01 0.01 0.38 5.06 24.4 20.67+- 0.0 
F2 5.94 0 0.0 0 0.04 18.03 3.0 2.00E-13 932 0.01 0 0.99 9.42 29.4 20.39+- 0.0 
F3 6.72 0.0 0.00 0 0.0 18.49 1.4 1.508-13 83.1 0.01 0 0.48 7.03 20.7 20.54+- 0.0 
F4 29.16 0 0 O.D4 0.05 8.52 0.21 9.10E-14 22.1 0 0.02 0.1 1.745 11.2 23.71 +- 0.2 
F5 8.432 0.04989 0.00961 0.05 0.06 37.93 0.88 1.00E-13 66.3 0.01 0 0.14 9.82 14.3 20.57+- 0.09 
52/11 feldspar J= 00020 +- 600E-0 (I s.d.) E,. No: mp810023.IHD Total gas age = 23.04+- 0 
TFI 12.9 0.02 0.0 0.1 0.5 1.54 2.008-14 46.3 0.01 0.83 12.07 0.04 19.9 21.8 +- 0.3 
TF2 11.8  0.0 0.1 - 02 0.69 2.1 1.40E-14 53.7 0.01 0.85 15.23 0.038 13.4 23.19+- 0.4 
TF3 12.18 0.0 0.07 0. 0.4 2,2 2.40E-14 58.2 0.01 1.02 18.83 0.032 19.8 25.83+- 0.4 
TF4 8.69 M122.288 0.0 0.13 0 0.8 3.8 1.40E-14 66.3 0.01 0.83 24.65 0.04 14.5 20.97 +- 0.4 
TF6 8.958 0.0 0.18 0. 0.8 5. 1.20E-14 67.6 00 11.4 22.03+- 0.5 
TF7 7.98 0.00 0.22 0.13 1.1 8.1 1.1OE-14 75.1 0.01 0.73 29.77 0.045 10.6 21.79+- 0.5 
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S1/3 feldspar J 0.001991 +-  6.00E-06 (j_ 
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113 I biotite J= 0.00204 +-  610E-06 (1 s.d.) Exp. No. 
































































































S1/30 otite J= 00l +- #888844 ()4)_ Exp. No.: 







































































































Si/SO feldspar J= 0.00202 + - 6.10E -05 'j,4) 6xo.No.: mp8l0026.fO 




















































61/36 biolite J= 0.00197 +- ####### (1 s.d.) Eg mp),IHD 







































































































$1138 biotile  J= 0.00196.- #888888 (1 s.d.) Eap. No.: 
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